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a b s t r a c t
Pharmaceutical derivatives have been reported to affect several water bodies around the world. 
Therefore, developing treatments that remove them from the environment is a significant need. 
The main goal of this work was to use powdered diatomaceous earth (DE) as a low-cost natural 
adsorbent for ciprofloxacin (CIP) in aqueous solutions, employing synthetic CIP solutions of 
pure water and treated domestic wastewater. The influences of adsorption time, initial pH, CIP 
concentration, and DE dosage were evaluated after DE structure characterization using Fourier 
transform infrared spectroscopy, scanning electron microscopy, transmission electron micros-
copy, and X-ray diffraction. Diatomaceous earth was shown to have significant capabilities to 
remove CIP in aqueous phase, achieving pollutant equilibrium adsorption in 24 h. The best CIP 
removal efficiency was 97% (19.4 mg L–1) using 2 g of DE, 20 mg L–1 of CIP, and pH = 2.0. The 
experimental results were fitted using second-order rate kinetics, with rate constant values in the 
0.0077 ≤ k2 (g mg–1 h–1) ≤ 0.1984 range and correlation coefficients above 0.95. The adsorption results 
were fitted to the Freundlich and Langmuir isotherm equations and isotherm constants were 
estimated. The maximum adsorption capacity was assessed to be 105.1 mg CIP g–1 DE, suggesting 
good affinity between the pharmaceutical drug and the adsorbent.
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1. Introduction

In recent years, a significant number of pharmaceutical 
derivatives and personal care products have been found 
in surface water, groundwater, and wastewater [1]. These 
products exhibit low biodegradability and tend to accu-
mulate in aquatic systems [2]. The first studies referring 
to the quantification of pharmaceuticals in natural waters 
appeared in the 1980s, which identified salicylic acid and 

anticancer products in various aquatic environments [3–5]. 
Since then, antibiotics have been identified to be among the 
most frequently detected pharmaceuticals in the environ-
ment, and they can cause various adverse effects for people 
and ecosystems [6]. Therefore, there is a significant need to 
research cost-effective and feasible alternatives to eliminate 
these products from the environment [7].

Ciprofloxacin (CIP) is a quinolone antibacterial agent 
classi fied as second-generation fluoroquinolone with broad- 
spectrum action that is often used to treat human and 
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animal bacterial infections [8,9]. The presence of CIP or any 
antibacterial derivative in wastewater and surface water is 
considered a significant environmental risk, even at very 
low concentrations, because these products can increase 
the antibiotic resistance of pathogenic bacteria and generate 
modifications in the biological balance of aquatic ecosystems 
[9]. Several studies have been carried out to remove CIP from 
aqueous solutions. More recent methods reported for CIP 
removal in aqueous phase include microalgae intake [10]; 
photocatalytic degradation [11,12]; adsorption in activated car-
bon [13], electrocoagulation [14,15], montmorillonites [16–18], 
or zeolites [19].

Diatomaceous earth (DE) is a nonmetallic clay mineral 
that comes from sedimentary rocks and has its origin in the 
prehistoric age, which is mainly formed by the fossilized cell 
walls (frustules) of microscopic aquatic plants called dia-
toms. When diatoms die, the silicates they absorbed from the 
environment sink to the bottom of the water bodies and form 
thick sedimentary silicate deposits. Diatomaceous earth is 
composed of fine and porous aggregates with variable tex-
ture and it can have lacustrine or marine origin depending 
on its location [20]. These large deposits of clay minerals 
have significant economic potential once they demonstrate 
sufficient thickness and material quality. Diatomaceous 
earth is particularly significant on an industrial level because 
its variety of geometric shapes and mechanical properties 
(e.g., low density, high surface area and porosity, adsorption 
capacity, and low thermal conductivity and chemical reactiv-
ity) [20–22] as a filter medium can be used to purify a wide 
variety of liquids generated during industrial processes [22]. 
Natural (raw) or modified (thermally or chemically treated) 
DE has been used to adsorb different pollutants and/or 
remove contaminants from synthetic and real waste water. 
Representative studies include the adsorption of heavy 
metals [23–27], textile dyes [28], pesticides [29], and bisphe-
nol-A [30]. However, only a few studies have used DE for the 
adsorption of pharmaceutical derivatives. The most recent 
studies used the mineral sorbent of diatomite to adsorb 
triclosan [31], tylosin [32], diclofenac sodium [21,33], and 
tetracycline [34].

The goal of this study was to assess the feasibility of 
using DE without previous treatment as a low-cost natural 
adsorbent to remove ciprofloxacin (CIP) in aqueous solu-
tions, employing two synthetic CIP effluents: pure water and 
treated domestic wastewater to identify the influence of CIP 
concentration, initial pH, adsorption time, and DE dose to 
better understand the adsorption processes.

2. Materials and methods

2.1. Diatomaceous earth source and preparation

In this study, the raw diatomaceous earth (DE, SiO2·nH2O) 
was obtained from a deposit of clay mineral situated in 
Jalisco, Mexico (20° 18′ 54.50″ N; 103° 36′ 42.57″ W). The DE 
sample (1 kg) was collected from 20 different points within 
the deposit. The raw material was pulverized using a sphere 
mill, passed through metal sieves from 150 to 700 μm, 
and the fraction of particles between 450 and 600 μm was 
used for the adsorption experiments. The powdered DE 
was washed several times with deionized water to remove 

soluble impurities, dried for 8 h, stored in closed containers, 
and placed in a cold room (4°C) until use, as suggested in 
the literature [35].

The chemical characterization of DE was performed 
using Fourier transform infrared (FT-IR) spectroscopy. 
Spectra were obtained with a Spectrum GX spectrometer 
(PerkinElmer, Waltham, MA, USA) carried out in the 4,000 
to 550 cm–1 range using a resolution of 4 cm–1 and a powder 
X-ray diffractometer (D500 Model Kristallographie Siemens, 
Washington D.C., USA) with a Cu Ka radiation (0.1542 nm 
wavelength). High-angle X-ray diffraction (XRD) data were 
accumulated from 5° to 40° at 0.02° increments and 1 min 
count times. Diatomaceous earth images were obtained using 
transmission electron microscopy (TEM) (JEOL Mag: 15Kx at 
200 kV). For TEM observation, DE samples were suspended 
in ethanol and sonicated for 10 min, and then the suspension 
was deposited drop-wise on a copper grid coated with car-
bon conductive tape film and dried at room temperature until 
the ethanol was evaporated. The DE morphology was also 
assessed by scanning electron microscopy (SEM; TESCAN, 
Brno-Kohoutovice, Czech Republic). The images were ana-
lyzed using the ImageJ 1.45 software to evaluate the porosity 
of the material. Specific surface area of sorbent (BET area) 
was determined using a Quantachrome sorptometer (Nova 
2200e). Diatomaceous earth particle zeta-potentials were 
determined using a Litesizer 500 instrument, and the results 
reported as the arithmetic mean and standard deviation of 
three analyses. The solids were initially disseminated in an 
electrolyte buffer solution (pH 3) of boric acid and potassium 
chloride, other buffer of sodium and potassium phosphate 
was used for pH 6, and finally a buffer solution of potassium 
chloride and sodium hydroxide (NaOH) was used for pH 9. 
A more complete chemical characterization of the material 
was previously published by our research group [36].

2.2. Synthetic pure water solution of ciprofloxacin

Ciprofloxacin (CIP; C17H18FN3O3, mw 331.34 g mol–1, 
water solubility at 20°C, 30 g L–1) was obtained from Sigma-
Aldrich (Germany) and its structural formula is shown 
in Fig. 1a, along with CIP speciation as a function of pH 
(Fig. 1b) [3,11].

For quality control, all the materials used in the labora-
tory for this study were new and carefully washed with a 
solution of Extran® 02 (5%) (Merck, Germany), nitric acid 
(5%) (Fermont, 64% to 66% purity), acetone (Jalmek, ana-
lytical grade), and deionized water before each experiment. 
In addition to the above, an ultrasonic bath (Branson 5510) 
was used to ensure thorough cleaning of the material and to 
prevent the interference of another contaminant.

A stock solution of CIP at an initial concentration of 
1,000 mg L–1 in ultrapure water was prepared each week 
to avoid degradation. To dissolve the CIP in water, the pH 
was lowered to 3 with 0.1 M HCl (Sigma-Aldrich) following 
the procedure recommended by the manufacturer (Sigma-
Aldrich), in the product’s safety data sheet [37]. The stock 
solution was then stored in a cold room at 0°C–4°C in the 
dark. The initial pH of the different CIP working solutions 
was modified with 0.1 M HCl or NaOH to assess the influ-
ence of the initial pH (2–10) on the adsorption efficiency of 
DE. Also, working solutions with diverse concentrations 
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of CIP (5–50 mg L–1) were also enhanced to investigate the 
influence of initial CIP concentration on the adsorption effi-
ciency. All the chemical reagents used were of analytical 
grade.

2.3. Synthetic treated domestic wastewater with ciprofloxacin

To verify and validate the efficiency of the adsorption 
process of CIP onto DE, synthetic solutions were prepared 
employing treated domestic wastewater and ciprofloxacin. 
The treated wastewater was obtained from a domestic waste-
water treatment plant situated in Jalisco, Mexico (20° 43′ 
24.8″ N; 103° 23′ 52.2″ W). The wastewater treatment process 
consisted of fine screening, followed by settling, and anaer-
obic treatment. The effluent was characterized for chemical 
oxygen demand (COD), total nitrogen, total phosphorus, 
nitrates, and ammonia concentration and spiked with the 
same amount of CIP as described in section 2.2.

In all cases, the ciprofloxacin concentration was moni-
tored using a UV-visible spectrophotometer trademark Hach 
(Model DR 5000) at 271 nm by preparing a calibration curve 
ranging from 1 to 70 mg L–1 for CIP at a neutral pH, as is 
suggested in the literature [38–40].

2.4. Adsorption and kinetic studies

Adsorption trials were carried out in batch mode with 
controlled temperature (25°C ± 3°C), using 2,000 mL bea-
kers and a heating plate with a magnetic stirrer (Vante, 
MS7–H550). In all cases, the aqueous solutions were stirred 
for homogenization. The CIP concentration in the system 
was monitored for 48 h, and it reached adsorption equi-
librium after 24 h. The adsorption process was followed 
through time: one 10 mL sample was taken every 10 min 
during the first 3 h; after the first 3 h, samples were taken 

every hour until completing 12 h; and the final samples 
were taken after 24 and 48 h. All samples were filtrated 
using 0.45 μm membrane filters to avoid the presence of 
adsorbent particles.

The experimental conditions tested during the study 
included initial pH (2–10), CIP concentration in working 
solutions (5–50 mg L–1), and the dosage of DE (0.5–3.0 g L–1), 
this last condition agrees with literature for the application 
of DE in the adsorption of emerging contaminants [31–34]. 
The adsorption capacity at equilibrium and at every time (t) 
was determined using Eqs. (1) and (2), respectively:

q
C C V
We

i emg g−( ) = −( )1  (1)

q
C C V
Wt

i tmg g−( ) = −1 ( )
 (2)

where qe and qt are the adsorption capacity in equilibrium 
(e) and at any time (t) of CIP (mg of CIP adsorbed/g of DE); 
Ci and Ce are the initial and equilibrium CIP concentrations 
(mg L–1), respectively [9,18]; V is the volume (L); and W is 
the amount of DE powder (g). To estimate the capacity 
of adsorption at any time (qt), it is necessary to change the 
equilibrium concentration (Ce) by the CIP concentration at 
any time (Ct), as shown in Eq. (2). Every experiment was 
performed in triplicate and the results corresponded to the 
average of experiments with 95% confidence in standard 
deviation. The statistical functions of Statgraphics Centurion 
XVI® (Statgraphics.Net, Madrid) were used for statistical 
analyses of experimental data.

Experimental results were fitted using the Freundlich 
and Langmuir isotherm equations to depict the equilibrium 

Fig. 1. (a) Ciprofloxacin structural formula and (b) speciation as a function of solution pH [3,11].
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relationships in all the tests made under several conditions of 
operation [9,18].

Eq. (3) was used to calculate CIP removal efficiency, for 
which Ci and Ct are the CIP initial and any time (h) concen-
trations (mg L–1), respectively [23].

Removal efficiency %( ) = −( )
×

C C
C
i t

i

100  (3)

3. Results

3.1. Chemical characteristics of adsorbent

The raw DE exhibited low specific surface area 
(BET = 29.14 ± 1.41 m2 g–1), but in the same order of magnitude 
as previous studies by other researchers for similar materials 
(32 m2 g–1) [31–32,35]. To assess the porosity of the adsorbent, 
SEM images were evaluated using the ImageJ software to 
quantify the pore diameter. Through this process, pore diam-
eter was found to be in the 50–380 nm range, with an average 
diameter value of 190 ± 70 nm [36,41]. The zeta value of DE 
at all the pH values tested (pH = 3) was negative. The zeta 
potential of DE was −38.3 ± 0.4 mV at pH 9, −32.7 ± 0.3 mV at 
pH 6 and –25.9 ± 0.2 mV at pH 3.

A typical XRD spectrogram is presented in Fig. 2a and 
the data indicate that DE contains mainly silica (SiO2) and 
small amounts of Fe2O3, Na2O, Al2O3, and CaO. The XRD 
patterns of DE samples confirm the existence of feldspar, 
Na(AlSi3O8) (29°, 23°, and 22°), quartz (SiO2) (27°), and 
cristobalite (36° and 39°), which agrees with the literature 
[20,35]. The XRD diffraction suggested that the configura-
tion of DE is poorly crystallized. The composition of the 
DE structure was confirmed by FT-IR, as shown in Fig. 2b. 
The signal at 3,400 cm−1 is identified as O–H stretching of 
physically adsorbed water and the signal at 1,630 cm−1 is 
characteristic of the H–O–H bending vibration of water. 
The representative components of DE are displayed in the 
bands at 1,020; 800; and 453 cm–1. In this case, the siloxane 
(Si–O–Si) group is associated with the band at 1,020 cm−1, 
whereas the band at 800 cm−1 is correlated to the quartz 
and free silica, and finally the band at 453 cm−1 is associated 
with the Si–O–Si and/or Si–O–Al [36].

The TEM image in Fig. 3a shows a heterogeneous distri-
bution of arrays on frustules. The average frustule size was 
calculated as 10.13 μm, whereas the average frustule width 
was 2.84 μm. The TEM image has good agreement with the 
SEM image shown in Fig. 3b. From the SEM image, it was 
possible to determine that a great part of the DE has a cir-
cular form that was consistent with the Discostella species, 
which is reasonably in agreement with previous reports in 
the literature [42].

3.2. Adsorption kinetic process

The kinetic models more frequently reported in the 
literature were used to evaluate the adsorption mechanisms 
of the process. The adsorption kinetics data obtained for 
sorption of CIP over DE were fit to both the pseudo-second 
and pseudo-first-order models [9,13,16]. The integrated form 
of the Lagergren pseudo-first-order model is one of most 
widely used and it can be expressed with the limit conditions 
from t = 0 to t = t and from q = 0 to q = qt, which provides 
the following linear function:

log( ) log
.

q q q
k t

e t e− = − 1

2 303
 (4)

where k1 is the rate constant of the pseudo-first-order 
model (h–1), whereas the capacity of adsorption in any 
time (qt) is the quantity of CIP adsorbed during that time 
(t) (mg g–1), and qe is the CIP equilibrium adsorption capac-
ity (mg g–1).

For a pseudo-second-order kinetic mechanism, the lin-
earized form considering the same boundary conditions 
(e.g., from t = 0 to t = t and from q = 0 to q = qt) is:

t
q k q

t
qt e e

= +
′

1

2
2  (5)

where k2 is the rate constant of the pseudo-second-order 
kinetics (g mg–1 h–1), whereas qt is the amount of CIP adsorbed 
at any time (t) (mg g–1), and qe is the equilibrium adsorption 
capacity (mg g–1).

  

(a) (b)

Fig. 2. Composition of structure of DE: (a) XRD spectrogram and (b) FT-IR spectra.
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The sorption of CIP onto DE was monitored for the 
synthetic pure water and treated domestic wastewater sam-
ples through to time at three different initial pH values, 
containing anionic (pH 9), zwitterionic (pH 6), and cationic 
(pH 3) species, as shown in Fig. 4. In both cases, the adsorp-
tion capacity in the process was examined for a contact time 
of 48 h in all experiments. However, the results showed that 
system required only of 24 h before it reached adsorption 
equilibrium. The first hours of the sorption process are the 
most important because the greatest adsorption capacity is 
reflected during this time. The results confirm that adsorp-
tion is very quick at low pH values, which indicates the 

involvement of cation species in the process. This trend 
is in agreement with similar systems reported by other 
researchers [31], which suggests that a contact time between 
24 and 72 h is needed to reach adsorption equilibrium for 
triclosan over DE.

The kinetic parameter values obtained using linear 
regressions for the two models proposed are summarized 
in Table 1 [3,8,16]. As shown, although correlation coeffi-
cients (R2) in the regressions for both equations are greater 
than 0.80 for the entire range of pH values, the pseudo- 
second-order model better represents the kinetic behavior 
of the system, which is in agreement with the data obtained 
by other researchers [43]. In this study, the range obtained 
for the pseudo-second-order kinetic constant (k2) was in the 
0.007 ≤ k2 (g mg–1 h–1) ≤ 0.198 range with R2 above 0.95, sug-
gesting that the adsorption kinetic process was preferably 
regulated by chemisorption. A similar behavior was reported 
for CIP adsorption on montmorillonite with k2 values in 
the 0.02 ≤ k2 (g mg–1 h–1) ≤ 0.17 range and R2 = 0.99 for the 
same initial pH values [18].

3.3. Influence of initial pH on adsorption experiment

It is well recognized that the solubility of CIP is a func-
tion of pH, which is explained by the presence of different 
CIP chemical species at the different pH values in Fig. 1b. 
At low pH values, a highly soluble CIP+ species occurs and 
its fraction value decreases as pH values move from 2.0 to 
6.1, where the pKa3 constant value (carboxylic acid group) is 
located. For the pH range from 6.1 to 8.74 (pKa4, nitrogen on 
piperazinyl ring), three different species are reported, with 
the CIP± zwitterion being the least soluble. Finally, as the pH 
value continues to increase to higher than 8.7, CIP becomes 
more soluble because of the appearance of the CIP– species 
[12,15–17]. In agreement with the solubility of the different 

 
(a) 

 
(b) 

Fig. 3. Image of Discostella species: (a) TEM image and (b) SEM image.

Fig. 4. Adsorption kinetic data for CIP on DE as a function of pH, 
using 1.5 g of DE and 30 mg L–1 of CIP with pH 3 , pH 6 ●, and 
pH 9  for synthetic pure water, and pH 3 , pH 6 , and pH 9 
 for synthetic treated domestic wastewater.
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species produced by CIP at diverse pH values, the influ-
ence of pH in solution on the removal of CIP using DE was 
assessed. Fig. 5 shows the removal efficiency of CIP on DE at 
different pH values.

The results show high CIP removal efficiency, inde-
pendently of the effluent treated, at low pH, which decreases 
when pH values are close to 6, where the dissociation constant 
(pKa3 = 6.1) is located. This behavior can be described through 
the relationship between CIP total charge and the surface 
charge of DE. The zeta potential of DE was −38.3 ± 0.4 mV 
at pH 9, −32.7 ± 0.3 mV at pH 6 and –25.9 ± 0.2 mV at pH 3.  
When the system has a very basic pH (pH = 9), the DE 
surface shows a negative charge that is higher than when the 
solution has an intermediate pH (pH = 6) [35,36]. When the 
cationic CIP form (CIP+) is present, the negative DE surface 
will perform a significant adsorption of the pollutant. These 
data are in agreement with the cation exchange adsorption 
mechanism of cationic CIP species for the natural cations 
present within the DE interlayer that has been suggested by 
other researchers [17].

The removal efficiency decreases significantly after the 
initial pH value reaches 8. This performance can be associ-
ated with the presence of the anionic CIP form (CIP–), which 
can produce repulsive interactions with the DE negative 
surface [42]. For this study, only the main dissociation or 
ionization constants (pka1 and pka2) are reported because at 

present there is no consensus about the value of these con-
stants in acidic conditions. However, estimations can be 
made because pKa3 and pKa4 values have been reported as 
determining the relevant species of CIP under environmental 
conditions [17,18].

3.4. Effect of CIP concentration

Fig. 6 shows the removal efficiency of CIP on DE for 
different initial CIP concentration (5 to 50 mg L–1) using 
pH = 3.0 and 2 g of DE. As expected, the highest removal 
efficiency was found when low initial CIP concentration was 
tested. However, removal efficiency was found to be higher 
than 90% for the entire range of initial CIP concentrations 
tested, which suggests that DE is a good adsorbent of the 
pollutant. Ciprofloxacin has been identified in surface water 
and wastewater at concentrations habitually <1 mg L–1 
[16–18], whereas it ranges from 3 to 87 mg L–1 in hospital 
effluents [40] and was reported to be 31 mg L–1 for pharma-
ceutical industry effluents [43–45]. In the case of the synthetic 
treated waste water used in this work, presence of COD as 
high as 77 mg L–1, total nitrogen 69 mg L–1, total phosphorous 
22.6 mg L–1, nitrates 0.005 mg L–1 and ammonia nitrogen 
67.2 mg L–1 in the wastewater did not show any significant 
effect on the performance of the adsorbent. Based on Fig. 6, it 
is clear that DE is capable of removing concentrations orders 

Table 1
Pseudo-second and pseudo-first-order kinetics parameters with different pH values

pH 3 pH 6 pH 9

Pseudo-first-order
qe (mg g–1) 18.311 11.416 13.026
k1 (1/h) 0.2207 0.1746 0.1788
R2 0.9191 0.8371 0.9161

Pseudo-second-order
qe (mg g–1) 25.498 21.251 12.225
k2 (g mg–1 h–1) 0.0343 0.0691 0.0336
R2 0.9966 0.9973 0.9723

Fig. 5. Removal efficiency of CIP on DE at different pH values 
using 20 mg L–1 CIP and 2 g DE, for synthetic pure water (), 
and synthetic treated domestic wastewater (◊).

Fig. 6. Effect of the initial concentration of CIP on removal 
efficiency with pH 3 and 2 g DE, for synthetic pure water (), 
and synthetic treated domestic wastewater (◊).
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of magnitude higher than that reported in the different 
effluents, and the presence of other wastewater compo-
nents does not pose a threat in its application. Our results 
agree with other reports for CIP adsorption using different 
materials [9,14–15,17].

3.5. Effect of DE concentration

The effect of DE dosage on CIP adsorption in aqueous 
solutions is shown in Fig. 7. The removal efficiency was 
assessed as a function of the DE dose using 30 mg L–1 as initial 
CIP concentration at pH 3.0.

As shown, a relatively low DE dose (1 g L–1) generated 
high removal efficiency of CIP after 24 h. Further increases 
in the DE dose (1–3 g L–1) did not produce any significant 
difference in CIP adsorption capacity. The high CIP removal 
is probably because of the suggested strong affinity between 
the positively charged CIP molecules and the negatively 
charged DE surface, particularly when the system works at 
a low initial pH value. The performance of DE was very dif-
ferent at the lowest dose (e.g., 0.5 g L–1), probably because 
under these conditions all the empty sites contained in the 
DE surface area were occupied by CIP molecules and there 
were still contaminant molecules in excess in the aqueous 
solution.

3.6. Estimation of adsorption capacity applying isotherms

Langmuir and Freundlich isotherm models were used 
to assess the relationships between the experimental data 
obtained under different operation condition and theoreti-
cal models. The results are shown in Table 2. These results 
confirm that the Langmuir equation fits the system fairly 
well because the R2 value was better than 0.95, specifying 
that the constants (qmax and Kf) appropriately explain the 
sorption experimental results. From Table 2, qmax is DE max-
imum saturation, which was estimated to be 105.108 mg g–1. 
This supports the results from Fig. 7, in which starting with 
1.0 g, DE was able to almost completely remove CIP and no 
effect was noticed for further increase in the DE dose.

The Langmuir model describes monolayer adsorption 
on a set of adsorption sites with the same sorption energies 
independent of surface coverage and without interaction 
between adsorbed and incoming molecules [17]. Therefore, 
this is the most likely process occurring for CIP adsorp-
tion in DE because the Langmuir model best describes the 
experimental data.

Furthermore, the chart of Ce/qe vs. Ce for the CIP in 
the aqueous solution (Fig. 8) was elaborated to verify the 
relationship between the experimental data and the results 
from the Langmuir model. Finally, Table 3 displays CIP 
adsorption capacity values using various adsorbents reported 
in the literature [45].

As is indicated in Table 3, different natural or synthetic 
materials have been reported in the literature to be efficient 
adsorbents in the elimination of CIP from aqueous solu-
tion. Of the materials analyzed, it is interesting to verify 
that the mineral clays exhibit different adsorption capacities 
(e.g., rectorite qmax = 135 mg g–1, kaolinite qmax = 6.3 mg g–1, 
and montmorillonite qmax = 400 mg g–1) after different 
pre-treatments [45]. In this study, the raw DE used as 
adsorbent powder was only washed with deionized water 
to eliminate possible organic contaminants present in the 
surface of the material. The adsorption capacity shown 
by DE in the experiments (105.11 mg g–1), despite the lack 
of chemical purification or physical treatment, suggesting 
its possible use as a viable alternative for removing CIP in 
contaminated effluents.
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Fig. 7. Effect of DE concentration on the removal efficiency with 
pH 3 and 30 mg L–1 of CIP.

Fig. 8. Adjusted linearized Langmuir isotherm model (--) to the 
experimental data ().

Table 2
Parameters of Freundlich and Langmuir isotherms for CIP 
uptake by DE powder

Model

Langmuir Freundlich

qmax (mg g–1) KL (L g–1) n (dimensionless) Kf (L g–1)

105.108 1.49 5.586 0.479
R2 0.9526 0.7092
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3.7. Proposed mechanism for adsorption

Fig. 9 shows a suggested mechanism of interaction 
between the raw DE powder and the ciprofloxacin in aqueous 
solutions, including the effect of initial pH value variations 
on adsorption capacity.

The analysis of the experimental data suggests that the 
mechanism implicated in the adsorption of CIP by DE is 
strongly related to pH value in aqueous solution. Three dif-
ferent pH ranges were identified: low pH value range (2–6), 
in which the cationic species CIP+ are predominant; medium 
pH value range (7–8), in which three different species of CIP 
occur simultaneously in the system, with CIP± zwitterion 

being the least soluble; and high pH value range (9–12), in 
which the anionic species CIP– is the dominant species. At 
low pH values, the predominant mechanism is charge neu-
tralization, which is favored by the interaction between the 
positive charges of the CIP species and the negative charges 
on DE surface. The negatively charged functional groups 
generated when the adsorbent come into contact with water 
(SiO2, Fe2O3, CaO, Na2O) interact with the positive charged 
species of CIP. Surface charge neutralization generates flocs, 
which can easily be removed by settling. Another important 
observation of the behavior in this system is that the final 
value resulting from zeta potential after the treatment is the 
neutral charge (0.65 mV) [36].

Table 3
Evaluation of CIP adsorption capacity with various adsorbents and DE [45]

Pollutant Adsorbent Temperature  
(°C)

pH Adsorption capacity  
qm (mg g–1)

CIP

Kaolinite – 3.0–4.5 6.3
Goethite 22 5 19.88
Chemically prepared carbon 25 6 104.2
Rectorite – 4.0–5.5 135
KMS-1 25 4 230.9
Montmorillonite – 3 400
Activated carbon 25 6 434.8
EDTA/β-CD 25 – 327.14
KF 25 6.5 181.32
Graphene oxide 25 5 379
Fe3O4/C 25 7 98.28
ZIF-8 derived carbon 25 6 416
CAMoS4·LDH 25 6 707.2
DEa 25 3.0–9.0 105.108

aThis study.

Fig. 9. Proposed mechanism for CIP uptake by DE powder at different pH values.
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At medium pH values, CIP generates negatively and 
positively charged species that interact with the functional 
groups of DE (FeOH2

+, C–N+, N–H, C=O–). The oxygen in 
the functional groups present in CIP, such as the carboxylic 
acids, will promote adsorption through hydrogen bonding 
mechanism, regardless of pH value [45]. Finally, at high pH 
values, only negatively charged CIP species are present to 
interact with the chemical species on DE surface with nega-
tive charge, this possibly causing electrostatic repulsion that 
leads to the observed reduction in removal efficiency [44].

4. Conclusions

In this study, CIP adsorption by a raw nonmetallic clay 
mineral was investigated. The following are the most signif-
icant findings:

• After using Langmuir and Freundlich models for fitting 
the experimental data, the linearized Langmuir isotherm 
model was found to be the best fit for the CIP/DE sys-
tem. No significant differences were found for adsorption 
efficiency and isotherms measured at a low initial pH.

• The maximum adsorption capacity of DE toward CIP 
(qmax) was found to be 105.1 mg g–1, which is compara-
ble with several other natural materials. However, in 
this case, DE achieved interesting performance without 
any prior treatment, which suggests the importance of 
conducting further research into its application.

• As expected, initial pH, contact time, and initial CIP 
concentration were major parameters modulating CIP 
adsorption in DE, which defined the adsorption rate and 
pathway of the process.

• The pseudo-second-order kinetic model allowed the 
correct prediction of system trends and provided a basic 
understanding of the system that can be used in upscaling 
the adsorption process.

• No significant differences were found for the behavior 
of adsorption when were employed synthetic pure water 
and treated domestic wastewaters.

• All these result suggested good affinity between the 
pharmaceutical pollutants and the adsorbent.
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