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a b s t r a c t
The main aim of the current work is to test the tetracycline adsorption behavior of activated carbon 
(AC) dopped alginate (ALG) beads. In this way, synthesis and characterization of activated carbon 
dopped alginate beads using Fourier-transform infrared, thermogravimetric analysis, differential 
scanning calorimetry, scanning electron microscopy, Brunauer–Emmett–Teller, X-ray photoelectron 
spectroscopy analysis, adsorption equilibrium, kinetics, thermodynamics, adsorption mechanism, 
desorption, and reusability experiments were carried out. Maximum tetracycline removal percentage 
was achieved using 200 mg of AC-ALG beads with a ratio of 3.0% (w/v) within 6 h at pH 7.0, and tet-
racycline removal performance was determined to be 100.0%. The Langmuir, Freundlich, Dubinin–
Radushkevich, Temkin, Halsey, and Harkins–Jura isotherm models were applied to experimental 
data. AC-ALG-(1.0 and 2.0) beads were found to fit the Langmuir model well, while AC-ALG-3.0 
beads fitted the Freundlich model. Adsorption kinetics were investigated by pseudo-first-order, 
pseudo-second-order, Elovich, Weber–Morris intraparticle diffusion, and Bangham models and the 
pseudo-second-order kinetic model fitted the adsorption data well. The thermodynamic parameters 
were calculated, and the enthalpy of tetracycline adsorption was endothermic for all beads. After 
the adsorption process, the beads can easily be regenerated by NaOH and effectively reused within 
five cycles. It can be concluded that activated carbon dopped alginate beads have a considerable 
potential on the adsorption of pharmaceutical compounds from wastewater.
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1. Introduction

Antibiotics, also known as antibacterials, are a group 
of medicines that are used to treat the infections caused 
by bacteria and parasites. The usage of antibiotics to treat 
human diseases and infections and to promote growth in 
livestock increase every year. Because of this increased use 
in antibiotics, several studies have indicated the presence of 
antibiotic residues in water sources including surface water, 

groundwater, domestic water, municipal water, wastewater, 
and industrial effluents [1].

The most-often detected antibiotics in various water 
sources are penicillin, amoxicillin, azithromycin, ciproflox-
acin, sulfamethoxazole, and tetracyclines. Among them, 
tetracycline is a broad-spectrum polyketide antibiotic; it is 
the second most widely used in the world and has medical 
and veterinary applications. Very low amounts of tetracy-
cline administered to the treated humans and animals are 
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metabolized in the body, with most of the unmetabolized 
form of the antibiotic being eliminated with urine. Residues 
of tetracyclines are frequently detected in surface water, 
wastewater, groundwater, and domestic water. Tetracycline 
groups of antibiotics exist in the range of 1.2–4.0 μg L–1 
levels in wastewater and domestic water. Tetracycline at 
μg L–1 levels in wastewater has the potential to cause nega-
tive health effects, and removal of the drug from wastewater 
is an important subject for researchers [2].

Removing tetracycline from wastewater is studied using 
photocatalysis, redox reactions, and electron pulse irradi-
ation, but these methods are not convenient for practical 
separation techniques. Among practical separation tech-
niques, adsorption is one of the methods that can be used 
for removing tetracycline from the wastewater; it is a low 
cost, easily operated, and has a high removing rate [3]. 
Adsorption of tetracycline can be investigated using carbo-
naceous adsorbents such as activated carbon, carbon fiber, 
carbon nanotubes, etc. due to their high surface areas and 
pore size distributions. Furthermore, considering environ-
mental concerns, various biopolymers have attracted great 
interest for use as an adsorbent in wastewater treatment. In 
the last decade, carbon-containing biopolymers with high 
adsorption capacity and adsorption rates have considerable 
potential for adsorption [4]. One biopolymer, alginate, is 
a natural, linear polysaccharide that has been applied in a 
variety of micropollutants such as pharmaceuticals, food, 
and dyes [5,6]. Therefore, introducing activated carbon into 
the raw alginate’s molecule significantly increases the sur-
face area of the raw alginate molecule [7] and improves the 
adsorption rate; meanwhile, a new and innovative adsor-
bent can be designed for the adsorption of tetracycline from 
wastewater.

The objective of the present paper is to evaluate the 
adsorption capacity of the alginate beads for the removal 
of tetracycline from wastewater after the dopping activated 
carbon. In the present study, physicochemical and morpho-
logical properties of the activated carbon dopped alginate 
beads (AC-ALG) were characterized, and the effects of vari-
ous parameters, such as pH, amount of adsorbent, tempera-
ture, and time were analyzed for adsorption of tetracycline. 
The Langmuir, Freundlich, Temkin, Dubinin–Radushkevich 
(D–R), Halsey, and Harkins–Jura adsorption isotherm 
models and pseudo-first-order, pseudo-second-order, 
Elovich, Weber–Morris, and Bangham kinetics models were 
studied. The thermodynamic parameters such as enthalpy, 
entropy, and Gibbs free energy, adsorption mechanism, 
desorption, and reusability experiments were also carried 
out. It can be stated that this work represents the first exam-
ple in the literature to follow synthesis, characterization, 
and adsorption behavior of AC-ALG beads for tetracycline.

2. Materials and methods

2.1. Materials

Sodium alginate was purchased from Acros Organics 
(Belgium); tetracycline, NaCl, and CaCl2 were produced 
by Sigma-Aldrich (Germany); ethanol, HCl, and NaOH 
were supplied by Merck (Germany). Activated carbon with 
850 m2 g–1 surface area, micropore volume 0.22 cm3 g–1, 

and mesopore volume 0.44 cm3 g–1 was obtained from Zag 
Chemicals (Turkey). All reagents were of analytical-grade 
chemicals and used as received.

2.2. Preparation of alginate beads

2% (w/v) of sodium alginate solution was prepared in 
0.1 M NaCl solution. The alginate solution was added drop-
wise to 0.1 M CaCl2 solution using a plastic syringe and 
left with a magnetic stirrer for 24 h at 25°C. The obtained 
calcium alginate wet beads were detached gently from the 
medium and washed using distilled water. Finally, these 
beads were dried in an oven at 60°C for 24 h and codded to 
be ALG beads [5,8,9].

2.3. Preparation of activated carbon dopped alginate beads

To synthesize activated carbon dopped alginate (AC-ALG) 
beads, alginate was dissolved in 0.1 M NaCl solution with 
continuous stirring to have a final concentration of 1.0% 
(w/v). Activated carbon was added to ALG solution with 
different AC:ALG ratios of 1.0–3.0 (w/v). The preparation, 
purification, and drying of the beads were the same as 
described in the preparation of raw ALG beads. The beads 
were codded to be AC-ALG-(1.0–3.0) [5,8,9].

2.4. Characterization of beads

Raw ALG and AC-ALG beads were investigated by 
IR affinity spectrometer (Perkin Elmer, Turkey) using the 
KBr pellet technique [7]. Thermal characterizations of the 
beads were carried out by thermogravimetric analysis (TG, 
Perkin Elmer, Turkey), and differential scanning calorimetry 
(Diamond DSC, Turkey) from 20°C to 800°C at 10°C min–1 
heating rate. The surface morphologies of the beads were 
observed by scanning electron microscopy (SEM, Philips 
XL-30, United States), and Brunauer–Emmett–Teller (BET) 
analysis was performed using a surface analyzer (ASAP 
2020, France) [8]. The points of zero charges (PZC) of ALG, 
AC, and AC-ALG beads were established using salt addi-
tion method [9].

2.5. Preliminary adsorption experiments

In batch adsorption experiments, 25 mL of 20 mg L–1 
tetracycline solution with pH from 4.0 to 10.0 was added to 
20–200 mg of AC, ALG, and AC-ALG-(1.0–3.0) in a 50 mL 
Erlenmeyer at 25°C ± 0.5°C. Adsorption experiments were 
performed utilizing a shaker at 140 rpm for 6 h. Then the 
beads were separated from the solution, and the residual 
concentrations of the tetracycline in the supernatant were 
monitored spectrophotometrically with a double-beam 
spectrophotometer at 360 nm. Adsorption experiments were 
repeated three times; the standard deviations were within 
ca. ±5%, and all results are reproducible [8,9].

Adsorption isotherm experiments were conducted by 
utilizing 20 mg L–1 tetracycline solution at pH 7.0 using 
20–200 mg of AC, ALG, and AC-ALG-(1.0–3.0) beads in a 
50 mL Erlenmeyer flask at 25°C ± 0.5°C for 6 h. The amount 
of tetracycline adsorbed onto the beads at equilibrium [8,9], 
qe (mg g–1) was calculated by the following expression:
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Adsorption isotherms of tetracycline onto AC, ALG, 
and AC-ALG-(1.0–3.0) beads were described with the 
Langmuir, Freundlich, D–R, Temkin, Halsey, and Harkins–
Jura models. Similarly, adsorption kinetics experiments 
were carried out using 20 mg L–1 tetracycline solution at 
pH 7.0 using 200 mg of ALG and AC-ALG-(1.0–3.0) beads 
for interval times, and the adsorption kinetics were investi-
gated by pseudo-first-order, pseudo-second-order, Elovich, 
Weber–Morris, and Bangham models [6,8]. The adsorp-
tion experiments were carried out for 25°C, 45°C, and 
60°C ± 0.5°C at pH 7.0, tetracycline concentration 20 mg L–1, 
and contact time 6 h to determine the adsorption thermo-
dynamic parameters [9].

2.6. Desorption and reusability

Desorption studies were performed by suspending 
tetracycline-loaded AC-ALG-3.0 beads in 3 M NaOH, 1 M 
HCl, and ethanol. Firstly, 200 mg of beads were added to 
20 mg L–1 tetracycline solutions. Then, tetracycline-loaded 
beads and NaOH, HCl, and ethanol were separately shaken 
for 6 h, and residual tetracycline concentration was mea-
sured spectrophotometrically. Desorption efficiency was 
calculated as the ratio of desorbed to the adsorbed amount 
of tetracycline [9,10].

Ten cycles of consecutive adsorption–desorption stud-
ies in 3 M NaOH were performed in order to check the 
reusability of regenerated AC-ALG-3.0 beads. The beads 
were added to 20 mg L–1 tetracycline solution, and the 
obtained suspension was shaken at room temperature for 
6 h. Subsequently, the suspension was filtered, and the 
tetracycline concentration was measured spectrophotomet-
rically. After adsorption, tetracycline-loaded AC-ALG-3.0 
beads were collected, dried, and then used for the desorp-
tion experiment. The collected beads were added to 50 mL 
NaOH, and the suspension was shaken at room tempera-
ture for 6 h. Then the suspension was filtered, and the 
concentration of tetracycline was measured again [9,10].

3. Results and discussion

3.1. Characterization of beads

FT-IR analysis was performed to examine the func-
tional groups on AC, ALG, and AC-ALG-(1.0–3.0) beads in 
the range of 650 and 4,000 cm–1 (Fig. 1). The spectra of AC 
represent the peaks near 4,000; 2,850; and 2,450 cm–1 attri-
bute O–H, C–H stretching (from CH2), and C–H stretching 
(from CH3), respectively. The sharp peak near 2,300 cm–1 
corresponds to C–O bonds. Another relatively broad peak 
near 2,100 cm–1 attributes to the allene (C=C=C) group. The 
band near 1,700 cm−1 represents the C=O stretching of car-
boxyl groups. The broadband near 1,000 cm−1 illustrates the 
oxidized carbons and has been assigned to C–O stretching 
in acids [8]. The FT-IR spectrum of ALG beads indicates a 
number of absorption peaks (Fig. 1). The absorption peak 
near 3,300 and 2,950 cm–1 attributes to O–H and C–H groups 
of alginate. The characteristic peaks at 1,610 and 1,450 

represent the stretching of C–O–O (asymmetric) and C–O–O 
(symmetric) bonds, respectively. The bands around 1,095; 
1,075; and 1,035 cm–1 attribute to C–O, C–C, and C–C bend-
ing vibration of raw alginate beads [11]. According to these 
results, AC-ALG beads showed significant difference bands 
in comparison with AC and raw ALG beads. Absorption 
region of stretching vibration of O–H and asymmetric and 
symmetric C–O–O bonds in AC-ALG beads appeared sig-
nificantly lower intensity than raw ALG. These differences 
resulted from the participation of O–H and C–O–O groups 
of alginate to the activated carbon in order to chelating 
structure. The change in the bands is evidence of interaction 
between AC and ALG, and it can be safely mentioned that 
AC-ALG beads were synthesized successfully.

The thermal stabilities of ALG and AC-ALG-(1.0–3.0) 
beads were characterized by TGA (Fig. 2a). As can be seen 
from the TGA trace, in the temperature range of 25°C–800°C, 
all AC-ALG beads are degraded at a slower rate than raw 
ALG. AC-ALG beads displayed retardation of the thermal 
degradation above 60°C. The char yield of all AC-ALG beads 
was found to be higher than that of raw ALG. Although 
ALG was not thermally stable when the temperature was 

Fig. 1. FT-IR spectra of AC, ALG, and AC-ALG beads.
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increased, 60% of the beads decomposed before 500°C, and 
nearly 40% decomposed between 25°C and 300°C. The char 
yield ratios were found as 40%, 57%, 60%, and 65% for ALG, 
AC-ALG-1.0, AC-ALG-2.0, and AC-ALG-3.0 beads, respec-
tively [11,12]. As can be seen from the DTG curves (Fig. 
2b), AC-ALG-(1.0–3.0) beads had lower degradation rates 
at their maximum weight loss in the temperature range 
of 25°C–800°C. The highest residue as well as the lowest 
degradation rate was achieved for AC-ALG-3.0 beads. The 
highest thermal stability might be ascribed to the interaction 
between AC and ALG beads due to high AC content, and 
it is mentioned that the contribution of AC to raw alginate 
beads decreased the molecular flexibility of the AC-ALG 
polymer chains. As can be seen from Fig. 2b, raw ALG beads 
degraded with a higher rate in the temperature range of 
25°C–800°C compared with all AC-ALG beads. Three deg-
radation phases were detected for raw ALG beads at near 
200°C, 250°C, and 450°C. The weight loss is probably due to 
the removal of water and the degradation of the end-chain 
groups of the ALG matrix. Also, Fig. 2b shows four degra-
dation phases for AC-ALG-1.0 beads. The first phase was in 
the range of 180°C–230°C, the second phase was between 
230°C and 310°C, the third phase was about 400°C–500°C, 
and the last phase was between 600°C and 700°C. Moreover, 
three degradation phases were detected for AC-ALG-2.0 

and AC-ALG-3.0 beads. The first phase was near 100°C, 
the second phase was between 250°C and 320°C, and the 
third phase was about 400°C–480°C. From the comparison 
of DTG curves of all AC dopped beads, it is clear that the 
first and second decomposition phases resulted from the 
thermal degradation of raw ALG molecules; AC-ALG beads 
have a lower degradation rate. Furthermore, raw ALG had 
5.2 and 3.4 times higher degradation rate than AC-ALG-3.0 
and AC-ALG-1.0 beads. The AC-ALG beads had higher 
thermal stability with a higher char yield than that of raw 
ALG beads. This improvement in thermal stability can be 
ascribed to the interaction between ALG and AC interac-
tions and the restriction of molecular mobility of the poly-
mer chains [11,12].

DSC analyses of raw ALG and AC-ALG-(1.0–3.0) 
beads were performed between –80°C and 350°C under 
the nitrogen atmosphere (Fig. 2c). Two endothermic peaks 
between 120°C and 180°C followed by an exothermic peak 
at nearly 300°C were determined for ALG beads. The first 
endothermic region (near 120°C) was due to the separation 
of moisture associated with the hydrophilic groups of the 
alginate. The second endothermic region (near 180°C) rep-
resented the melting point of ALG beads. The thermogram 
of the beads showed an exothermic peak at about 300°C, 
which attributed its decomposition. As shown in Fig. 2c, 

Fig. 2. TGA thermograms of ALG and AC-ALG beads (a), their derivative curves of weight loss (b), and DSC curves of ALG and 
AC-ALG beads (c).
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AC-ALG-1.0 beads showed two different melting peaks at 
around 120° and 220°C. So, the related peaks may be attributed 
to the melting of the polymer crystals having interactions 
with AC. Also, DSC curves of AC-ALG-(2.0–3.0) beads had 
some differences in the melting region of the others. They 
showed only one melting peak at around 120°C, and this 
can be explained due to the high AC content changing the 
chain arrangement of the alginate molecules. The peaks 
were much clearer in Fig. 2c thermogram of AC-ALG-3.0 
involving the highest amount of AC [11,12].

The SEM images of AC, ALG, and AC-ALG-(1.0–3.0) 
beads are given in Fig. 3. As can be seen from the figure, 
ALG surface was very rough and full of long cracks and 
microfractures. It is obvious that numerous microfractures 
(ca. 500 μm) on the surface of ALG were determined, and 
the microfractures fully covered the surface of the beads and 
supplied a uniform area. This surface morphology made 
ALG very suitable for AC dopping into the microfractures 
and cracks (Figs. 3a and b). It seems clear that, the surfaces 
of ALG beads changed distinctively after modification with 
AC, having a three-dimensional network structure (Fig. 3c) 
and resulted in a surface with smaller cracks and cavities. 
With increasing AC content in the alginate, the length of 
cavities decreased from nearly 500 to 50 μm, and the beads 
were coated by non-uniform cavities. The AC-ALG beads 

were found to have greater numbers of shorter microfrac-
tures (ca. 20–50 μm) together with the presence of cavities. 
The existence of a similar surface has been described for all 
beads, and this morphology occurred by decorating surface 
cavities by dopping AC. According to the high-magnifi-
cation SEM images, AC-ALG-(1.0–3.0) beads have a sub- 
porous structure (Figs. 3d and e). The beads did not show 
a porous structure in the weak-magnitude SEM image, 
but very narrow pores/cavities (ca. 20–50 μm) occurred in 
high magnification of the SEM images. Also, as represented 
in the figure, when focused on the beads’ surface, a num-
ber of narrow rooms and cavities, the cavity in cavities, 
and microfractures were seen. Microfractures and cavities 
covering the entire surface of the AC-ALG beads and pro-
viding a uniform area were foreseen to be the result of the 
formation of sub-networks. The SEM images can be accepted 
as an indication of dopping AC into alginate. The pres-
ence of cavities and cracks on the AC-ALG surface can be 
said to be necessary for tetracycline adsorption.

The results obtained from SEM analysis were also sup-
ported by BET analysis. The specific surface areas of AC, 
ALG, and AC-ALG-(1.0–3.0) were recorded as AC > AC-AL
G-3.0 > AC-ALG-2.0 > AC-ALG-1.0. Also, total pore volumes 
were raised by introducing AC into ALG. AC represented 
the largest total pore volume; therefore, larger pores were 
formed on the AC-ALG beads. The total pore volume values 
were found as 0.158, 0.214, and 0.278 cm3 g–1 for AC-ALG-1.0, 
AC-ALG-2.0, and AC-ALG-3.0, respectively. The restoration 
of the surface properties of ALG existed by AC part of a 
performance as a supporting material [12].

3.2. Preliminary adsorption experiments

The effect of the amount of adsorbent on the tetracy-
cline adsorption was investigated in the range of 20–200 mg 
of AC, ALG, and AC-ALG-(1.0–3.0) for 20 mg L–1 tetracy-
cline solution (Fig. 4a). The tetracycline removal % values 
increased from 48% to 100% for AC; 14% to 34% for ALG 
beads; from 36% to 86% for AC-ALG-1.0; from 34% to 92% 
for AC-ALG-2.0; and from 37% to 100% for AC-ALG-3.0 as 
the amount of adsorbent increased from 20 to 200 mg g–1. 
Removal % values of tetracycline were found to be 20%, 
100%, 42%, 72%, and 88% using 100 mg of ALG, AC, 
AC-ALG-1.0, AC-ALG-2.0, and AC-ALG-3.0, respectively. 
Also, as the amount of beads increased from 100 to 200 mg, 
tetracycline adsorption removal % values boosted effec-
tively and were determined to be 20%, 86%, 92%, and 100% 
using ALG, AC-ALG-1.0, AC-ALG-2.0, and AC-ALG-3.0, 
respectively. Thus, 3.0% (w/v) AC content in the raw ALG 
beads was used as the optimum activated carbon content 
for tetracycline adsorption. Maximum tetracycline removal 
% was determined to be 100% for 200 mg of AC-ALG-3.0 
and AC within 6 h at pH 7.0. The increment in the tetra-
cycline removal percentages with the amount of the beads 
was attributed to the enhancement of the beads’ surface area 
and the availability of more adsorption active sites. Hence, 
200 mg of adsorbent was selected as the optimum amount 
of adsorbent, and 200 mg of AC-ALG-3.0 was applied for 
following the pH effect on the adsorption experiments.

Fig. 4b shows the surface charge of AC, ALG, and 
AC-ALG beads. ALG beads had a positive surface charge at 

Fig. 3. SEM images of surfaces of ALG beads ((a and b) low and 
high magnifications), AC ((c) high magnification), and AC-ALG 
beads ((d and e) low and high magnifications).
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pH lower than 5.6 owing to the presence of –COOH groups 
of the polymer and point of zero charges of AC-ALG beads 
was recorded as pH 6.3. When compared with raw ALG 
beads, the PZC values of AC-ALG beads were increased 
after dopping AC due to the deprotonated carboxylic acids 
of alginate. The PZC values of AC-ALG beads showed that 
when the pH ranged from 6.3 to 12.0, the surface of the 
beads was negatively charged, and when pH was below 
6.3, the surface was positively charged. On the other hand, 
the pH of the tetracycline solution changed charges of the 
groups of chemicals on it. Tetracycline transforms a cationic 
molecule by protonation of NH groups at the pH below 3.3; 
also it carries both positive and a negative charge groups 
(dimethyl-ammonium and phenolic diketone) when pH 
value is between 3.3 and 7.7, and the antibiotic converts an 
anionic molecule by deprotonation of carbonyl groups at 
pH higher than 7.7 [13]. Therefore, when pH was between 
6.3 and 7.7, both protonated and deprotonated tetracycline 
groups in the solution and the surface of AC-ALG beads 
were negative, so the cationic groups of the tetracycline can 
be adsorbed on AC-ALG beads, and it was beneficial for ion 
exchange between the antibiotic and the beads. At pH 7.0 
(>PZCAC-ALG), AC-ALG bead surfaces were deprotonated; 
thus, a negative charge was formed on the surface, hydro-
gen bonds occurred between –OH and –COOH groups of 
AC-ALG beads and protonated phenolic diketone groups of 
the tetracycline and adsorption efficiency increased signifi-
cantly. Furthermore, a similar trend can be seen at pH 4.0. 
However, when pH was above 7.7, anionic groups were the 
main species of the tetracycline solution, and the surface of 

AC-ALG was still negative. Thus, the antibiotic cannot be 
effectively adsorbed on the AC-ALG beads due to the elec-
trostatic repulsion. Therefore, the adsorption of tetracycline 
onto AC-ALG beads may be due to the hydrogen bonding, 
electrostatic repulsion, Van der Waals forces [13].

Tetracycline solutions at pH 4.0, 7.0, and 10.0 were 
prepared in order to determine the effect of pH on the 
adsorption capacity of the beads using initial tetracycline 
concentration of 20, 50, and 100 mg L–1 (Fig. 4c). From 
Fig. 4, it can be seen that the removal efficiency of tetracy-
cline was 100% at pH 7.0 for 20 mg L–1 tetracycline solution. 
However, the adsorption rate of tetracycline decreased from 
100% to 88% and 78% when pH decreased from 7.0 to 4.0 
and 10.0. Furthermore, there was a similar behavior for 50 
and 100 mg L–1 tetracycline solutions. Thus, the removal of 
tetracycline using AC-ALG-3.0 beads was very efficient at 
neutral pH value. Fig. 4c also shows the effect of tetracycline 
solution concentration on adsorption. It was found that the 
tetracycline removal percentages decreased from 100% to 
72% and 60%, respectively, with an increase in tetracycline 
concentrations from 20 to 50 and 100 mg L–1 at pH 7.0. In 
addition to this, the removal percentages decreased from 
78% to 60% and 48% in a tetracycline concentration range 
between 20 and 100 mg L–1 at pH 10.0, and the adsorption 
removal percentages showed a similar downward trend at 
pH 4.0. It is attributed to the saturation of adsorption sites 
of the beads. Saturation of the sites of the beads is a case 
in which adsorbed phase volume is totally filled with tet-
racycline. Therefore, active sites of the AC-ALG-3.0 beads 
were totally filled and closed with tetracycline molecules at 

Fig. 4. Effect of adsorbent amount on the removal % of tetracycline onto AC, ALG, and AC-ALG beads (a), surface charge of AC, ALG, 
and AC-ALG beads (b), and effect of pH on the removal % of tetracycline onto of AC-ALG-3.0 beads (c).
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20 mg L–1 solution concentration, so adsorption efficiency 
significantly decreased with an increasing concentration [13].

3.3. Adsorption isotherms

The first step for adsorption research is to identify an 
appropriate type of adsorption curves. For the classification 
of adsorption curves, the two most common methods being 
used are Brunauer’s five types of adsorption curves and 
Giles types of adsorption curves [14]. Type III isotherms 
according to Brunauer classification were obtained for ALG 
and AC-ALG-(1.0–2.0) beads. The Type III model represents 
the adsorption process on an adsorbent with big pores, and 
the interaction between adsorbate and adsorbent surface is 
weaker. Moreover, the Type II isotherm was shown for AC 

and AC-ALG-3.0. Type II isotherm is obtained by adsorbents 
with big pores with the strong interaction of the adsorbent 
and adsorbate. On the other hand, initial slopes of the 
graphs showed that S and H types according to the Giles 
classification were obtained for ALG and AC-ALG-(1.0–2.0) 
beads; AC and AC-ALG-3.0 beads, respectively. It is 
reported that S and H types represent the Langmuir model 
and high affinity of the adsorbent and adsorbate mole-
cules, respectively. Therefore, H type indicates a good 
affinity of the AC-ALG-3.0 beads for tetracycline [14].

The correlation between Ce and qe values was charac-
terized by the following models: Langmuir, Freundlich, 
D–R, Temkin, Halsey, and Harkins–Jura. Equilibrium 
adsorption isotherms of tetracycline using AC, ALG, and 
AC-ALG-(1.0–3.0) beads are shown in Fig. 5. The related 

Fig. 5. Adsorption isotherm models of tetracycline onto AC, ALG, and AC-ALG beads.
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model parameters were obtained from the slope and inter-
cept of the linearized isotherm plots [15,16]. Table 1 rep-
resents the adsorption isotherm parameters and correlation 
coefficients (R2) of tetracycline adsorption onto AC, ALG, 
and AC-ALG beads. Furthermore, Fig. S1 and Table S1 
show a comparison of the isotherm model capacities and 
R2 and Chi-square values (χ2) of AC-ALG-3.0 beads using a 
non-linear approach [15].

The Langmuir isotherm model is based on monolayer 
coverage and homogeneous active sites of the adsorbents. 
The adsorbents are structurally homogeneous, and active 
sites on the adsorbents are energetically equivalent. The 
model is defined as Eq. (2):

1 1 1 1
q q K C qe m L e m

= +  (2)

where qm (mg g–1) and KL are model parameters related to 
monolayer adsorption capacity and free adsorption energy 
constant, respectively [15]. qm values were calculated to 

be 8.4 mg g–1 for AC; 0.1 mg g–1 for ALG; 0.4 mg g–1 for 
AC-ALG-1.0; 62.5 mg g–1 for AC-ALG-2.0; and 13.7 mg g–1 
for AC-ALG-3.0, respectively (Table 1). Furthermore, KL 
values were determined to be 0.64, 0.05, 0.07, 0.01, and 
0.12 L mg–1 for AC, ALG, and AC-ALG-(1.0–3.0), respec-
tively. RL (equal to (1/(1 + CeKL)) values were calculated to 
be 0.072 for AC; 0.5 for ALG; 0.42 for AC-ALG-1.0; 0.83 
for AC-ALG-2.0; and 0.29 for AC-ALG-3.0. RL values for 
all beads were calculated between 0.0 and 1.0, and it can 
be concluded that tetracycline adsorption was favorable. 
The linear regression coefficient (R2) values were calcu-
lated to be 0.73, 0.99, 0.99, 0.92, and 0.92 for AC, ALG, and 
AC-ALG-(1.0–3.0), respectively. According to R2 values, 
Langmuir isotherm can be accepted as fitted well for tetra-
cycline adsorption.

The Freundlich model (Eq. (3)) is applied to adsorption 
on heterogeneous surfaces.

q K Ce F e
n= 1/  (3)

Table 1
Adsorption isotherm model parameters of tetracycline adsorption onto AC, ALG, and AC-ALG beads

AC ALG AC-ALG-1.0 AC-ALG-2.0 AC-ALG-3.0

Langmuir isotherm model

qm (mg g–1) 8.4 0.1 0.4 62.5 13.7
KL (L mg–1) 0.64 0.05 0.07 0.01 0.12
RL 0.072 0.5 0.42 0.83 0.29
R2 0.73 0.99 0.99 0.92 0.92

Freundlich isotherm model

KF (mg g–1) 3.53 110 221 12.1 1.9
1/n 0.387 17.2 1.0 10.9 0.6
R2 0.96 0.96 0.92 0.94 0.96

D–R isothem model

qm (mg g–1) – – – 8.8 8.2
β (mol2 K J–2) – 4 × 10–4 1 × 10–4 6 × 10–6 2 × 10–6

Energy (J mol–1) – 35 70 280 500
R2 0.56 0.96 0.93 0.78 0.75

Temkin isotherm model

Kt (L g–1) 14.87 0.06 0.09 0.3 0.7
b (J mol–1) 945 70.3 47.3 414.5 620.2
R2 0.83 0.87 0.93 0.99 0.98

Halsey isotherm model

nH –0.38 –0.06 –0.09 –0.97 –1.60
KH (mg g–1) 0.34 16 10 1.7 2.7
R2 0.83 0.97 0.95 0.94 0.97

Harkins–Jura isotherm model

A (g mg–1) 2.27 0.04 0.3 5.9 12.5
B (mg g–1) 0.13 1.23 1.11 1.19 1.23
R2 0.94 0.98 0.98 0.99 0.97
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where, KF and 1/n represent the adsorption capacity and 
intensity, respectively. The value of 1/n represents the 
adsorption favorable condition [13,16,17].

The values of KF and 1/n were calculated to be 3.53 mg g–1 
and 0.387 for AC; 110 mg g–1 and 17.2 for ALG beads; 
221 mg g–1 and 1.0 for AC-ALG-1.0 beads; 12.1 mg g–1and 
10.9 for AC-ALG-2.0; and 1.9 mg g–1 and 0.6 for AC-ALG-3.0 
beads, as indicated in Table 1. It is clear that lower KF val-
ues were found for higher AC contents. Furthermore, for 
tetracycline adsorption onto AC and AC-ALG-3.0 beads, 
1/n value was lower than 1.0, so it can be safely mentioned 
that the Freundlich model was favorable for both AC and 
AC-ALG-3.0 beads. This result found that multilayer tetra-
cycline adsorption onto heterogeneous AC and AC-ALG-3.0 
surfaces was shown. The R2 values of the model varied 
between 0.92 and 0.96 (Fig. 5, Table 1).

On the other hand, for tetracycline adsorption onto 
ALG, and AC-ALG-(1.0–2.0), 1/n values were higher than 
1.0, so the Freundlich model was not favorable for tetra-
cycline adsorption onto these beads. That is why it can 
be mentioned that tetracycline adsorption onto ALG, 
and AC-ALG-(1.0–2.0) beads can be characterized by the 
Langmuir model. According to the Langmuir model, it can be 
assumed that each active site of these beads interacted with 
only one tetracycline molecule; tetracycline molecules were 
adsorbed on well-defined localized sites, and the sites are 
energetically homogeneous. This situation can be explained 
in that when the amount of AC in the molecular structure of 
the ALG increases from 0.0% to 3.0%, the adsorption behav-
ior shows the transition from the Langmuir model to the 
Freundlich model.

The D–R model (Eq. (4)) is based on heterogeneous 
adsorbent surfaces, adsorbent porosity, and adsorption free 
energy. The value of adsorption free energy gives infor-
mation as to whether the adsorption process is physical or 
chemical in nature [9,13].

ln lnq qe m= − ( )β ε
2

 (4)

where β (mol2 kJ–2) and e are model constants, R is universal 
gas constant, and T (K) is temperature. e is equal to RTln(1 + 
1/Ce), which is the Polanyi potential. qm,calculated and β (Table 1) 
were calculated to be 8.8 mg g–1 and 6 × 10–6 mol2 kJ–2; 8.2 mg g–1 
and 2 × 10–6 mol2 kJ–2 for AC-ALG-2.0 and AC-ALG-3.0 beads, 
respectively (Table 1). The coefficient of regression calculated 
between 0.75 and 0.96 for the D–R model. An adsorption 
process is called physical if the value of mean free energy 
is lower than 8 kJ mol–1, and it is called chemisorption if the 
mean free energy values are between 8 and 16 kJ mol–1. The 
mean free energies (equal to 1/(2β)1/2) were calculated to be 
280 and 500 J mol–1 for AC-ALG-2.0 and AC-ALG-3.0 beads, 
which reflected that the chemisorption and tetracycline 
adsorption process onto all beads can be called physical.

The Temkin model (Eq. (5)) accepts that adsorption heat 
of all the molecules declines linearly as equilibrium adsorp-
tion capacity increases, and the adsorption is characterized 
by a uniform distribution of the binding energies.

q
RT K C

be
t e==

( )ln
 (5)

where Kt (L g–1) is model constant, b (J mol–1) is the heat of 
adsorption constant, R is universal gas constant, and T (K) is 
temperature [13,17].

As shown in Table 1, Kt values were determined as 14.87, 
0.09, 0.3, and 0.7 L g–1 for AC, AC-ALG-1.0, AC-ALG-2.0, and 
AC-ALG-3.0, respectively. Also, the heat of adsorption (b) 
values were calculated to be 945, 47.3, 414.5, and 620.2 J mol–1 
for AC and AC-ALG-(1.0–3.0), respectively. Based on the 
R2 values (0.83–0.99), the Temkin model fitted well to 
the equilibrium data.

The Halsey isotherm (Table 1) considers the multilayer 
adsorption onto a heterogeneous adsorbent surface and 
is defined with Eq. (6).

q K C
n ne e
H

H
H

= −
1 1ln ln  (6)

Where KH and nH are Halsey model constants [17].
Table 1 indicates the good fit for the adsorption data with 

high R2 values between 0.83 and 0.97 for ALG and AC-ALG 
beads; this result confirmed multilayer tetracycline adsorp-
tion onto the heterogeneous surface of all beads. Moreover, 
the Freundlich model results also confirmed the applicability 
of this model.

The Harkins–Jura isotherm assumes multilayer adsorp-
tion occurring on an adsorbent surface having a heteroge-
neous pore distribution [13,17].

1 1
2q

B
A A

C
e

e= −








 log  (7)

In Eq. (7), A and B are model constants.
The values of constants A and B of the isotherm were 

calculated as 5.9 g mg–1 and 1.19 mg g–1; 12.5 g mg–1 and 
1.23 mg g–1 for AC-ALG-2.0 and AC-ALG-3.0, respectively 
(Fig. 5 and Table 1). This model showed better fitting to the 
adsorption data than the Langmuir, D–R, and Halsey mod-
els, with R2 values in the range of 0.94 and 0.99.

According to the outcome of studying all models, the 
Langmuir and Freundlich models fitted to best for tet-
racycline adsorption onto AC-ALG-(1.0–2.0) beads and 
AC-ALG-3.0 beads, respectively. Tetracycline adsorption 
can be said to occur on monolayer AC-ALG-(1.0–2.0) bead 
surfaces. Furthermore, the Freundlich, D–R, Temkin, Halsey, 
and Harkins–Jura models fitted to the adsorption onto 
AC-ALG-3.0 beads, and tetracycline adsorption can be said 
to occur on multilayer heterogeneous AC-ALG-3.0 bead 
surfaces. The active sites of AC-ALG-3.0 beads increased 
logarithmically during the adsorption because of the occur-
ring multilayer adsorption. It can be safely stated that 
the adsorption model passed from the Langmuir model to 
the Freundlich model, dopping a high amount of AC into the 
alginate structure due to the high surface area and pore size 
distribution of AC.

3.4. Adsorption kinetics

The effect of time of the tetracycline adsorption onto 
ALG and AC-ALG-(1.0–3.0) beads are represented in Fig. 6. 
The rate of tetracycline adsorption using AC-ALG beads was 
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Fig. 6. Adsorption kinetic models of tetracycline onto ALG and AC-ALG beads.
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very high during the first 4 h; then the adsorption contin-
ued at a slower rate and attained equilibrium at the end of 
7 h. Tetracycline adsorption in the equilibrium conditions, Ct 
values of AC-ALG-(1.0–3.0) beads were found to be nearly 
6.8, 5.6, and 3.1 mg L–1, and qt values were determined to 
be 3.2, 3.8, and 4.3 mg g–1, respectively.

The adsorption kinetic models were characterized using 
pseudo-first-order, pseudo-second-order, Weber–Morris, 
Elovich, and Bangham models [18,19]. The pseudo-first- 
order model is a simple kinetic model and is expressed with 
Eq. (8).

log log
.

q q q t
k

e t e−( ) = − 1

2 303
 (8)

where k1 (min–1) is the rate constant of the model (Fig. 6 and 
Table 2).

In the present study, for the pseudo-first-order kinetic 
model, the experimental qe,experimental values were determined 
to be 3.2, 3.8, and 4.3 mg g–1 for AC-ALG-(1.0–3.0) beads, 
respectively. The qe,calculated values were calculated to be 3.0, 
6.0, and 11.0 mg g–1 for the beads, and the R2 values of 
AC-ALG beads varied between 0.84 and 0.99. qe,calculated val-
ues determined from the quietly different from qe,experimental 
values, and this result expressed the pseudo-first-order 

kinetic was not fitted for characterization of tetracycline 
adsorption.

The pseudo-second-order kinetic model assumes that 
the adsorption capacity is proportional to the number of 
active sites of the adsorbent and is defined with Eq. (9):

t
q k q q

t
t e e

= +
1 1

2
2  (9)

where k2 (g mg–1 min–1) is the model constant, and it is initial 
sorption rate equal to k2qe.

2 [13,19].
For the pseudo-second-order kinetic, qe,experimental and  

qe,calculated values were nearly the same and deter-
mined to be qe,experimental,AC-ALG-1.0 = 3.2 mg g–1 and qe,calculated, 

AC-ALG-1.0 = 3.2 mg g–1; qe,experimental,AC-ALG-2.0 = 3.8 mg g–1, and  
qe,calculated,AC-ALG-2.0 = 4.04 mg g–1; qe,experimental,AC-ALG-3.0 = 4.3 mg g–1 
and qe,calculated,AC-ALG-3.0 = 4.7 mg g–1. The initial adsorption 
rates were determined to be 0.1, 0.06, and 0.067 mg g–1 min–1 
for AC-ALG-(1.0–3.0) beads, respectively. R2 values were 
between 0.96 and 0.99 (Table 2). These results indicated that 
tetracycline adsorption onto all AC-ALG beads was char-
acterized better by the pseudo-second-order kinetic than 
the pseudo-first-order kinetic model.

The Weber–Morris intraparticle diffusion model with 
multi-linearity correlations identifies the mass transfer 

Table 2
Kinetic model parameters of tetracycline adsorption onto ALG and AC-ALG beads

ALG AC-ALG-1.0 AC-ALG-2.0 AC-ALG-3.0

qe (mg g–1) 1.1 3.2 3.8 4.3

Pseudo-first-order kinetic model

qe (mg g–1) 42 3.0 6.0 11.0
k1 (min–1) 0.023 0.014 0.014 0.014
R2 0.10 0.84 0.99 0.99

Pseudo-second-order kinetic model

qe (mg g–1) 1.4 3.2 4.04 4.7
k2 (g mg–1 min) 0.042 0.028 0.0041 0.003
h (mg g–1 min) 0.087 0.1 0.06 0.067
R2 0.97 0.99 0.96 0.98

Weber–Morris intraparticle kinetic model

kid1 (mg g–1 min0.5) 0.0075 0.119 0.26 0.25
R2 0.98 0.97 0.97 0.99
kid2 (mg g–1 min0.5) 0.206 0.306 0.34 0.135
R2 0.91 0.99 0.98 0.94

Elovich kinetic model
β (g mg–1) 3.9 1.7 1.3 1.0
α (mg g–1 min) 0.3 1.0 1.6 1.7
R2 0.10 0.85 0.98 0.98

Bangham kinetic model

k0 (L g–1) 0.0014 0.0007 0.0005 0.0004
α 0.0316 0.35 0.45 0.56
R2 0.10 0.88 0.95 0.95
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phenomena during the adsorption process, and the model is 
defined with Eq. (10):

q tk Ct = +id
0 5.  (10)

where kid (mg g–1 min–0.5) is the intraparticle rate constant [19].
The R2 values for the model varied between 0.91 and 

0.99, which was higher than the pseudo-second-order 
kinetic model. From Fig. 6 and Table 2, two separate lin-
ear stages with a different slope were determined for all 
beads, which can be identified as different mass transfer 
existing. The first phase in the first 2 h demonstrated the 
boundary layer transfer on the external surface of the beads. 
The second linear stage between three and 5 h described 
the intraparticle transfer [19,20].

where kid1 and kid2 values were determined as kid1, 

ALG = 0.0075 and kid2, ALG = 0.206 mg g–1 min–0.5; kid1, AC-ALG-1.0 = 0.119 
and kid2, AC-ALG-1.0 = 0.306 mg g–1min–0.5; kid1, AC-ALG-3.0 = 0.25 and 
kid2,AC-ALG-3.0 = 0.135 mg g–1min–0.5, respectively. The interior 
mass transfer rates were greater than that of the boundary 
layer for ALG and AC-ALG-1.0. The interior mass transfer 
rates were calculated as 27-fold and nearly three-fold higher 
than the boundary layer mass transfer rate for ALG and 
AC-ALG-1.0 beads, respectively.

The Elovich kinetic model expresses the heterogeneous 
systems for the adsorption process [20,21]. The model is 
defined as below:

q tt = ( ) +1 1
β

αβ
β

ln ln  (11)

where α (mg g–1 min–1) and β (g mg–1) are adsorption rate 
at t = 0 and desorption constant.

The correlation coefficients (R2) of AC-ALG beads for 
the Elovich model varied to be between 0.85 and 0.98, and 
the initial adsorption rate (α) values were calculated as 
αAC-ALG-1.0 = 1.0, αAC-ALG-2.0 = 1.6, and αAC-ALG-3.0 = 1.7 mg g–1 min–1.  
It can be safely stated that the Elovich model was suitable 
for the characterization of the tetracycline adsorption (Table 2).

The Bangham equation is applied to check whether pore 
diffusion is a limiting step for the adsorption [19]. The model 
is expressed with Eq. (12).

log log log
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C m

k m
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0 2 303−
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V
logα  (12)

where k0 (L g–1) and α are Bangham model constants.

The R2 values of AC-ALG beads were between 0.88 and 
0.95 for the Bangham model (Fig. 6 and Table 2), so pore 
diffusion played an important role during the tetracycline 
adsorption.

3.5. Thermodynamic study

ΔH° values of tetracycline adsorption onto ALG and 
AC-ALG-(1.0–3.0) were calculated to be 121,713; 83,175; 
86,507; and 92,839 J mol–1, respectively, and this indi-
cated that the tetracycline adsorption onto all beads was 
endothermic in nature [22,23]. The endothermic behavior 
of tetracycline adsorption was confirmed by the positive 
values of enthalpy, and positive/negative enthalpy values 
represented classify the chemical or physical adsorption (for 
chemical adsorption, ΔH° > 35,000 J mol–1 and for physical 
adsorption ΔH° < 35,000 J mol–1) [24]. According to Table 3, 
the positive ΔH° values indicated tetracycline adsorptions 
onto AC dopped ALG beads were an endothermic reac-
tion, so an increase of temperature supported the adsorp-
tion reaction. ΔS° values were determined as 359, 246, 282, 
and 317 J mol–1 K–1 for ALG, AC-ALG-(1.0–3.0), respectively, 
and the positive ΔS° values demonstrated that the disor-
derliness and conformational entropies of the beads and 
antibiotic interface increased during the adsorption process. 
The adsorption of tetracycline by AC-ALG-3.0 beads was 
spontaneous with the negative values of Gibbs free energy. 
The negative ΔG° values indicated that tetracycline adsorp-
tion was a spontaneous process and declined significantly 
with an increment in temperature representing sponta-
neous behavior of tetracycline removal process onto AC 
dopped alginate beads changed inversely with temperature.

3.6. Adsorption mechanism of tetracycline onto 
AC-ALG-3.0 beads

The chemical states of C and O species for AC-ALG-3.0 
beads were performed using XPS before and after tetracy-
cline adsorption (Fig. 7). From O 1s spectra of AC-ALG-3.0 
beads, two main oxygen bands appeared at 532.93 and 
531.34 eV, which represented C=O (acid or ester) bond, 
C=O states. The O 1s spectrum of tetracycline-adsorbed 
AC-ALG-3.0 beads showed a decrease at 532.93 eV from 
67.34% to 44.3% due to the deformation of –COOH chem-
ical states on the tetracycline and AC-ALG:3.0 beads. 
Furthermore, C 1s spectra of AC-ALG-3.0 beads showed 
five peaks with binding energies appointed at 286.52 
(C–OH), 288.16 (COOH), 284.47 (C=C), 290.12 (π–π), and 
285.3 (C–C and C–H), where C atom mainly occurred as 

Table 3
Thermodynamic parameters of tetracycline adsorption onto ALG and AC-ALG beads

ALG AC-ALG-1.0 AC-ALG-2.0 AC-ALG-3.0

ΔH° (J mol–1) 121,713 83,175 86,507 92,839
ΔS° (J mol–1 K) 359 246 282 317
ΔG° (J mol–1) at 298 K 14,597 9,741 2,351 –1,724
ΔG° (J mol–1) at 313 K 7,408 4,812 –3,297 –8,071
ΔG° (J mol–1) at 333 K 2,016 1,116 –7,533 –12,831
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–COOH phase with the 39.61% atomic ratio. After tetracy-
cline introducing on AC dopped ALG beads, –COOH state 
disappeared, due to –COOH bond of AC-ALG-3.0 beads 
and OH bond of tetracycline interacted. The ratio of C–C 
state (285.3 eV) increased from 8.49% to 31.01% (nearly 
3.75-fold), and O–C–O (287.5 eV) new peak occurred, 
indicating that C–C and C–O groups played an important 
role for tetracycline adsorption.

Based on the C 1s and O 1s spectra, a plausible expla-
nation for the tetracycline adsorption onto AC dopped 
ALG beads is shown in Fig. 8. The O–H, C–C, and O–C–O 
groups were responsible for tetracycline. The differences 
in the bands were evidence of interaction between tetracy-
cline and AC-ALG-3.0 beads, and it can be safely mentioned 
that tetracycline was adsorbed on the AC-ALG-3.0 beads 
successfully.

3.7. Desorption and reusability of AC-ALG-3.0 beads

The desorption and reusability experiments are crucial 
for practical applications of adsorption, and it is an indi-
cator of the performance of an adsorbent [25]. Therefore, 
AC-ALG-3.0 beads were subjected to desorption and reus-
ability experiments. The loaded tetracycline was desorbed 

from the surface of AC-ALG:3.0 beads by NaOH, HCl, 
and ethanol to ensure that equilibrium was obtained. This 
experiment presents (Fig. 9a) that NaOH was able to desorb 
tetracycline from the beads with the highest efficiency in 
comparison with other solvents. The desorption percent-
ages were found as 78%, 32%, and 48% when NaOH, HCl, 
and ethanol were used as desorption agents, respectively. 
Therefore, NaOH was selected as a desorption eluent phase 
in further experiments.

After selecting NaOH as a desorption eluent phase, 
adsorption experiments were performed until 10 cycles, and 
the results are shown in Fig. 9b. AC-ALG:3.0 beads were 
examined for reusability for 10 consecutive cycles. Almost 
82% and 70% desorption efficiency was achieved using 
NaOH in the third and fourth cycles, respectively. The beads 
in the fifth consecutive cycles showed high performance, 
and the beads adsorbed nearly 58% of the tetracycline. 
It can be safely stated that no significant differences occurred 
in the adsorption capacity of the beads after the eighth cycle.

4. Comparison of adsorbents

A comparison of the maximum tetracycline removal 
percentages of different adsorbents with that of previously 

Fig. 7. XPS analysis of AC-ALG-3.0 beads before (a and c) and after tetracycline adsorption (b and d).
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reported [26–30] adsorbents was investigated, and the results 
are represented in Table 4. The Table 4 shows that AC-ALG 
beads can be used effectively for the removal of tetracycline 
from wastewater.

5. Conclusion

Among various carbonaceous adsorbents used to remove 
antibiotics from wastewater, activated carbon is one of the 

most used sorbents due to its high surface area, pore size 
distribution, and adsorption capacity. Therefore, the highly 
porous structure and large specific surface area of acti-
vated carbon and the changeable properties and adsorp-
tion performance of alginate can be combined to prepare 
an efficient, new adsorbent for the adsorption of antibiotics 
from wastewater.

In this work, AC-ALG beads showed excellent adsorp-
tion capacities for tetracycline, with 100% removal in neutral 

Fig. 8. Plausible tetracycline adsorption mechanism.

Fig. 9. (a and b) Desorption and reusability of AC-ALG-3.0 beads.

Table 4
Comparative evaluation of tetracycline adsorption removal % of similar adsorbents

Adsorbent Tetracycline removal % References

Hyacinth root 58.9 [26]
Hyacinth root 84.6 [26]
Granular sludge 93.1 [27]
Oxidized activated carbon 76.3 [28]
MCM-41-Zeolite 98.7 [29]
Aerobic granular sludge 90.0 [30]
Activated carbon dopped aginate beads 100 Present study
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pH value, and could be easily separated and recycled using 
NaOH after the adsorption process. The adsorption isotherm 
models were well described by the Langmuir, Freundlich, 
Temkin, Halsey, and Harkins–Jura models for AC-ALG beads 
containing different amounts of AC, and adsorption exe-
cuted a spontaneous and endothermic process. Furthermore, 
the experimental results illustrated that the adsorption of 
tetracycline was better shown by the pseudo-second-order 
model. The results from the present study represented that 
AC-ALG beads can serve as a new and innovative adsorbent 
for wastewaters for pharmaceutical compounds-polluted 
water purification.
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Supplementary information

Table S1
Comparison of R2 and X2 values of AC-ALG-3.0 beads

Model R2 (From Table 1) X2

Langmuir model 0.96 0.11
Freundlich model 0.92 0.05
D–R model 0.75 1.64
Temkin model 0.98 0.67
Halsey model 0.97 0.05

 
Langmuir isotherm model Freundlich isotherm model 

 
D-R isotherm model Temkin isotherm model 

Halsey isotherm model 
Fig. S1. Comparison of the isotherm model capacities of AC-ALG-3.0 beads.
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