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ABSTRACT: Microalgae are used as a lipid source for different applications, such as cosmetics and
biofuel. The nonliving biomass and the byproduct from the lipid extraction procedure can efficiently
remove antibiotics. This work has explored the potential use of Chlorella sp. biomasses for tetracycline
(Tc) removal from highly concentrated aqueous media. Non-living biomass (NLB) is the biomass
before the lipid extraction procedure, while lipid-extracted biomass (LEB) is the byproduct mentioned
before. LEB removed 76.9% of Tc at 40 mg/L initial concentration and 40 mg of biomass, representing an adsorption capacity of
19.2 mg/g. Subsequently, NLB removed 68.0% of Tc at 50 mg/L and 60 mg of biomass, equivalent to 14.2 mg/g of adsorptive
capacity. These results revealed an enhanced removal capacity by LEB compared with NLB and other microalgae-based materials.
On the other hand, the adsorption kinetics followed the pseudo-second-order and Elovich models, suggesting chemisorption with
interactions between adsorbates. The adsorption isotherms indicate a multilayer mechanism on a heterogeneous surface.
Additionally, the interactions between the surface and the first layer of tetracycline are weak, and the formation of the subsequent
layers is favored. The Chlorella sp. biomass after the lipid extraction process is a promising material for removing tetracycline;
moreover, the use of this residue contributes to the zero-waste strategy.

1. INTRODUCTION

Tetracyclines are the second most widely used antibiotics class
produced and sold worldwide. They are broad-spectrum
antibiotics used to treat infectious diseases generated by
Gram-positive and Gram-negative microorganisms in animals
and humans.1 In many countries of the European Union, these
substances are most often used (37%) in veterinary medicine.2

In several low- and medium-incomeand some high-
incomecountries, the legislation about antibiotic use is
weak or inexistent, and self-medication contributes to the spill-
out problem. Tetracycline (Tc) is still used in animal
production for growth promotion in these countries.3 Several
studies show Tc is not completely absorbed, and the rest is
eliminated through urine and feces, for example, the
bioavailability of Tc in broiler chickens is 56.45% ± 9.71.4

Based on this information, it is not surprising that Tc is one
of the most abundant drugs in wastewater.5 In Iran,
concentrations between 5.4 and 8.1 ng/L were found in
wells and dams adjacent to the farming houses of Tehran. The
authors attributed these levels in the water resources to the
municipal wastewater treatment plant effluents where concen-
trations of tetracycline ranged from 280 to 540 ng/L.6

Additionally, Wang et al. found 11.68 ng/L of Tc in the
drinking water sources of the lower Yangtze River. The main
sources of Tc were the tributary rivers (74.5%) and sewage
discharges (25.5%).7

The persistence of antibiotics in water sources promotes the
appearance of antibiotic-resistant microorganisms; for example,
in 335 samples of Enterococcus faecalis from retail chicken

meats, 149 were tetracycline resistant.8 This situation
represents a public health problem. A strategy for decreasing
Tc presence can be carried out by removing the antibiotic from
effluents with high concentration, that is, production,
industrial, hospital, and agriculture wastewater. In these
effluents, the Tc concentration ranged between μg/L and
mg/L.9−11 The wastewater treatment plants for these influents
do not have the procedures to remove tetracycline-family
drugs.12

Despite the ongoing efforts, research on Tc removal
technology for this concentration range is still necessary.
Techniques such as advanced oxidation processes, coagulation,
ion exchange, and adsorption showed high efficiencies
removing Tc. Fenton oxidation reached ca. 90% removal
efficiency.13 Zhang et al. found 95.6% of Tc decreasing using a
3D biofilm-electrode reactor.14 In the same way, the
adsorption-based processes with advanced materials have
given good results. The Fe-doped graphene oxide15 and
multiwalled carbon nanotubes16 were capable of removing 98
and 99.8%, respectively. Despite the effectiveness of these
methods, in low- and medium-income countries, the costs of

Received: February 3, 2022
Accepted: April 5, 2022
Published: April 14, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

14128
https://doi.org/10.1021/acsomega.2c00696

ACS Omega 2022, 7, 14128−14137

D
ow

nl
oa

de
d 

vi
a 

20
1.

23
3.

24
9.

14
5 

on
 N

ov
em

be
r 

9,
 2

02
2 

at
 1

6:
42

:5
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dayra+Sua%CC%81rez-Marti%CC%81nez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edgardo+Angulo-Mercado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivan+Mercado-Marti%CC%81nez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+Vacca-Jimeno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+Tapia-Larios"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+Tapia-Larios"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ne%CC%81stor+Cubilla%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c00696&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00696?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00696?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00696?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00696?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00696?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/16?ref=pdf
https://pubs.acs.org/toc/acsodf/7/16?ref=pdf
https://pubs.acs.org/toc/acsodf/7/16?ref=pdf
https://pubs.acs.org/toc/acsodf/7/16?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c00696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


oxidation technologies and advanced adsorption materials can
be unreachable.
A simple, low-cost, and efficient method is microalgae-based

technology. These living microorganisms are essential in
oxidation ponds for wastewater treatments. The nonliving
biomass is a byproduct of the involved processes from the
microalgae life cycle. The biomass is a source of several
compounds that an added value can be obtained, for example,
lipids (5.5−73.9%), proteins (10.2−47.4%), and polysacchar-
ides (9.7−30.3%).17 Particularly, Chlorella sp. is considered a
species with high lipid concentration, containing between 30
and 70% of lipids.18

The application of the extracted lipids ranged from cosmetic
to food industries.19 The economic profit can reach 100 €/kg
for each high value-added compound.20 The biomass
production costs are about 2.71 US$/kg21 and can be reduced
by 55%, improving the feeding22 and harvesting processes. The
byproduct obtained after the lipid extraction procedure is rich
in polysaccharides and proteins. This lipid-extracted biomass
(LEB) had no known application. The waste disposal costs
around €0.03/kg when it is not contaminated and up to €0.20/
kg if it is considered hazardous waste.
In both nonliving biomasses, before and after lipid

extraction, the porous and heterogeneous surface and
interstices and the diversity in functional groups suggest a
potential capacity to remove the contaminants. Their
sustainability, low toxicity, and costs represent advantages
over advanced adsorption technologies from an operational
viewpoint.23 The applicability of the nonliving microalgae
biomass and their physical and chemical modifications in
pharmaceuticals removal is widely documented.24,25

Despite the facts mentioned above, the nonliving biomasses
as antibiotic removal materials have little presence in the
literature. Angulo et al. found 82.7% of cephalexin removal
with nonliving Chlorella sp. biomass, and 71.2% was observed
with the biomass modified by lipid extraction.26 Moreover,
Daneshvar et al. found 62.97 and 55.11% at 80 mg/L of Tc
removal efficiencies with lipid-free biomass of Scenedesmus
quadricauda and Tetraselmis suecica, respectively.27 In recent
work, Saldaña et al. reported 90.8 and 80.8% of minocycline
removal with the nonliving Chlorella sp. and the lipid-free
biomasses, respectively.28 Therefore, removing the antibiotics
by nonliving microalgae, lipid-free biomass remains in initial
stages.
In our group, there is an interest in

1) Exploring the potential use of nonliving Chlorella sp.
biomassesbefore and after lipid extractionfor anti-
biotic removal in highly concentrated aqueous media,

2) Suggesting bioadsorption mechanisms through the
kinetics and isotherm analysis, and

3) Establishing relations between antibiotic structure and
removal capacity.

In this regard, a comparison of Tc removal by nonliving
Chlorella sp. biomasses before and after lipid extraction is
presented.

2. MATERIALS AND METHODS
2.1. Nonliving and Lipid-Extracted Chlorella sp.

Biomass Preparation. Microalgae Biotechnology Laboratory
at Universidad del Atlańtico (Barranquilla, Colombia)
provided the Chlorella sp. strains. The living microorganisms
were cultured in triplicates in a sterilized glass container. The

culture media was a solution of the commercial NPK fertilizer
(Nutrifoliar, Colinagro, Colombia) diluted to give 1.0 mmol/L
of nitrogen. The Chlorella sp. was added to obtain an
absorbance of 0.100 units (UV-1800, Shimadzu, Japan) at
647 nm. The temperature was kept at 27 ± 2 °C for 20 days
with constant shaking and aeration (2.5 L/min, Power Life,
USA). The light intensity was 86.2 ± 5 μmol/m2 s (Ingeolux
led lamps, Colombia) and photoperiods (12 h light/12 h
darkness).
After growth, the aeration and lighting system were powered

off. Three days later, the cultures were centrifuged (Hettich,
Rotofix 32 A, Germany) at 3000 rpm by 7 min. The biomass
was washed several times with distilled water and dried in a
heating oven at 70 °C for 12 h. Finally, it was pulverized and
stored.29 The resulting biomass was called “nonliving Chlorella
sp. biomass” and abbreviated starting now NLB.
The lipids were extracted from NLB by a modification of

Bligh and Dyer,30 and Guo et al.31 protocols: 10 mL of a 2:1
chloroform:methanol (Merck, 99.8%, USA) mixture was added
to 50 mg of NLB, sonicated (VWR B1500A-MT, Ultrawave,
UK) for 1 h, and homogenized for 30 s after the addition of
NaCl solution (Panreac, 0.9% w/v, Spain). Finally, the mixture
was centrifuged (3000 rpm, 8 min), and the organic phase was
filtered (1882-047, Whatman, USA). Furthermore, a Soxhlet
extraction with hexane (Merck, 97%, USA) was conducted for
5 h (siphon rate of 8−10 cycles/h).32 The residual biomass
was isolated and washed with 2:1 chloroform:methanol
(Merck, 99.8%, USA) mixture. This biomass is called “lipid-
extracted Chlorella sp. biomass” and henceforth abbreviated
LEB.
The adsorbent characterization was carried out by Fourier-

transform infrared spectroscopy with an attenuated total
reflection device (FTIR-ATR, Bruker, Tensor II, Germany)
and scanning electron microscopy (SEM, Quanta FEG 650,
FEI, USA). The samples stubs were fixed with carbon adhesive
tape and sputtered with gold.
The FTIR-ATR technique showed proteins (1650, 1550,

and 1400−1200 cm−1) and carbohydrates (1050 cm−1) in both
biomasses. The phospholipids, fatty acids, and lipids appeared
around 1250 and 1730−1750 cm−1. With the lipid extraction
procedure, the bands assigned to carbohydrate and phospho-
lipids decreased intensity, and the lipid and fatty acids bands
disappeared.
On the other hand, SEM revealed different morphology for

NLB (globular) and LEB (flakes and blocks). The size
distribution was also different, between 20 and 50 μm in NLB
and 2 and 400 μm for LEB.28

2.2. Maximum-Removal Conditions and Calibration
Curves. The maximum-removal conditions were determined
by evaluating the pH,2−6,8−12 concentration of Tc (Genfar,
HPLC purity >98%, Colombia) [C0 (mg/L): 40, 50, 60] and
sorbent mass, m (mg): 40, 50, 60). A D-optimal experimental
design gave the experiment’s grid by maximizing the D-value
through the Federov optimization. The AlgDesign library in the
R program33,34 assisted these calculations. We have considered
a linear model of the three variables (as factors) without
interaction, and Table 1 contains the resulting experiments.
The rows in Table 1 show the variable values for each

experiment. The aqueous Tc solution (25 mL) and the
biomass were mixed, shaken (Digital Orbital Shaker, 200 rpm,
6 h), and centrifuged (Hettich, Rotofix 32) at 3500 rpm. The
absorbance of the supernatant at 1 min (Ai) and 6 h (Af)
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defined the apparent removal (%Rap), and it was calculated
with eq 1:

=
−

×R
A A

A
% 100%ap

i f

i (1)

where Ai and Af are the initial and final absorbance of the
maximum-absorbance band, respectively. The results of %Rap
were fitted by multiple linear regression with pH, C0, and m as
variables in a quadratic equation with interactions:

= + + + + + +

+ · + · + · + · + ·

+ · + · + · + ·

R R m C m C

m C m C m C m C

m m C C

% % pH pH

pH pH

pH pH pH pH

ap ap
0

0
2

0
2 2

0 0 0
2 2

0
2 2

0
2 2

0 (2)

The significant variables were selected by an “all subsets”
procedure and the nonsignificant variable was depreciated. The
influence of pH, C0, and m and their interactions were
discussed in terms of the variable significance in the model.
Furthermore, the calibration curves and experiments were

conducted with variable values where %Rap was maximum. The
Tc concentrations for the calibration curves were 20, 25, 30,
35, 40, 45, 50, 55, and 60 mg/L. An ANCOVA analysis
evaluated the biomass effect on the calibration curve. The
biomass content was a factor with three levels: without
(treatment 0) and with biomass (nonliving biomass: treatment
1; nonliving lipid-extracted biomass: treatment 2).

2.3. Removal Time-Profiles and Adsorption Kinetics.
A 25 mL of Tc solution was prepared with the initial
concentration, biomass mass, and pH value, where %Rap was a
maximum. The absorbance at several times (1, 15, 30, 60, 120,
180, 240, 300, and 360 min) let it calculate the concentrations
(Ct, mg/L). Furthermore, the adsorption capacity (qt) and the
removal efficiency (%R) are calculated:

= −q C C
V
m

( )t t0
b (3)

=
−

×R
C C

C
% 100%t0

0

i
k
jjjjj

y
{
zzzzz (4)

where C0 is the concentration at time zero. V is the solution
volume (0.025 L) of the tetracycline solution and mb is the
biomass mass (mg).
The fitting of qt data described the adsorption kinetics. The

models of pseudo-first-order (eq 5), pseudo-second order (eq
6), Elovich (eq 7), and intraparticle diffusion (eq 8) were
considered.

= − −q q e(1 )t
k t

e
1

(5)

=
+

q
q k t

q k t1t
e
2

2

e 2 (6)

β
αβ= +q t

1
ln(1 )t (7)

= +q k t Ct p
1/2

(8)

Here, qe (mg·g−1) is the equilibrium adsorption capacity. k1
(min−1) and k2 (g·mg−1·min) are pseudo-first and pseudo-
second-order rate constants. In the Elovich equation, α (mg·
g−1·min−1) is the initial rate constant, and β (mg·g−1) is the
desorption constant. For the intraparticle diffusion model, Kp is
the rate constant, and C is a constant proportional to the
extent of the boundary layer thickness.35

R34 was the software to calculate qt data’s linear and
nonlinear fitting. The determination coefficient (R2) was the
goodness-of-fit criteria to evaluate the adequacy of data to a
model.

2.4. Adsorption Equilibrium. The experiments were
conducted at pH value and biomass quantity, where the
maximum removal occurred (Section 2.2). The contact time
was determined by kinetic studies (Section 2.3). 25 mL of Tc
solution with the biomass was shaken (150 rpm) in triplicate at
25 °C. The calibration curves give the concentrations using the
absorbance recorded before and after stirring. These results
were fitted to the Freundlich (eq 9), Brunauer−Emmet−Teller
(BET, eq 10) and Frenkel−Halsey−Hill (FHH, eq 11)
isotherms:

=q K C n
e f e

1/
(9)

=
− − +

q
q C C C

C C C C C C C

/

(1 / )(1 / / )e
max BET e s
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= −
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i
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y
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zzzzz
y

{
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(11)

Table 1. Grid of Experiments To Evaluate the Maximum-
Removal Conditionsa

experiment pH m (mg) C0 (mg/L)

1 2 40 60
2 2 50 50
3 2 60 40
4 3 40 40
5 3 50 50
6 3 60 60
7 4 40 40
8 4 50 50
9 4 60 60
10 5 40 40
11 5 50 50
12 5 60 60
13 6 40 40
14 6 50 50
15 6 60 60
16 8 40 40
17 8 50 50
18 8 60 60
19 9 40 40
20 9 50 50
21 9 60 60
22 10 40 40
23 10 50 50
24 10 60 60
25 11 40 50
26 11 50 40
27 11 60 60
28 12 40 40
29 12 50 50
30 12 60 60

am, biomass mass; C0, Tc initial concentration.
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where Kf is the Freundlich equilibrium constant, Ce is the
equilibrium concentration (mg·L−1), and 1/n is related to the
adsorbate−adsorbent affinity. In eq 10, qmax is the maximum
adsorption capacity, CBET is the BET constant, and Cs is the
saturation concentration. In eq 11, Afhh and Bfhh are constants
indicating the affinity of adsorbate by the adsorbent and the
interaction between the surface and subsequent adsorbate
layers, respectively.
Three algorithms conducted the data fitting: ordinary least

squares for the linearized equation (Freundlich model), the
Gauss-Newton for the nonlinear equation (Freundlich model),
and genetic algorithms (population = 1000, generations =
1000, crossover rate = 50%, mutation rate = 10%) followed by
optimization with the Broyden−Fletcher−Goldfarb−Shanno
algorithm (BET and FHH models).36

2.5. Density Functional Theory Calculations. Jin et al.37

described the prototropic species of tetracycline. In this work,
we have calculated the molecular electrostatic potential of
these species to explain the possible intermolecular interactions
drawing the adsorption process. The electronic structure
calculations were realized in the density functional theory
(DFT) at M06-2X/6-311 + g(d,p) level of theory. The
geometry of the structures was optimized. Additionally, the
absence of negative frequencies from the vibrational analysis
confirmed the finding of a local minimum in the potential
energy surface. All calculations were performed with Gaussian
09 Rev. A02.38

3. RESULTS AND DISCUSSION
3.1. Maximum-Removal Conditions and Calibration

Curves. Figure 1 shows the response surface for the apparent
Tc removal with NLB and LEB. The apparent Tc removal
increases with the increasing pH in both biomasses. Addition-
ally, the biomass dosage and the initial concentration influence
%Rap. The maximum %Rap for the experiments grid reached pH
12 in both biomasses. The initial concentrations were 50 and
40 mg/L for NLB and LEB, respectively. Moreover, the
maximum %Rap occurred at a biomass dosage of 60 mg for
NLB and 40 mg for LEB.
The linear model fitting results better describe the influence

on the Tc removal of variables and their interactions (see
Table 2). In both cases, NLB and LEB, the models were
significant (p < 1 × 10−4) as showed by the ANOVA test. The
determination coefficient (R2) was 0.81 and 0.91 for LEB and
NLB.
The dependence of Tc %Rap with pH is described as a

second-order polynomial. In NLB, the parabola opens upward,
and the vertex is at a minimum. There are no interactions with
C0 and m (see Table 2). At the C0 and m values, where %Rap is
maximum (m = 60 mg and C0 = 50 mg/L), pH described
concave parabolas (see Figure 2a,c). The vertex is close to 4
pH units. This behavior supports the ascending trend observed
in Figure 1a.
Conversely, in LEB, the parabola opens downward, and the

vertex is a maximum (see Table 2). The interactions with C0
and m revealed antagonist effects, that is, %Rap increases with
the pH, but the increasing C0 and m slow this change rate. At
m = 40 mg, pH draws a concave parabola at all studied C0
values with the vertex near 4 pH units (Figure 2b). Although,
%Rap has two opposite behavior depending on pH values.
Lower pH favored the ascending trend of %Rap with the
increasing C0. Instead, at higher pH, %Rap showed an
antagonist of C0.

Previous studies have shown that pH variations affect the
removal of tetracycline depending on the sorbent. Li and
Wong found that the adsorption capacity of Tc increases with
increasing pH by using biomasses of Pachydictyon coriaceum
and Sargassum hemiphyllum.39 Ding et al. found the maximum

Figure 1. Response surface for Tc apparent removal (%Rap) with (a)
nonliving and (b) lipid-extracted Chlorella sp. biomasses.

Table 2. Linear Regression Models for Response Surface of
%Rap as Function of Initial Concentration (C0), Biosorbent
Dosage (m), and pHa

LEB NLB

variable estimate ± std. error variable estimate ± std. error

%Rap
0 1465 ± 606.5 %Rap

0 −11,190 ± 4450
m 63.02 ± 25.22 m 460.9 ± 181.6
C0 −29.66 ± 11.35 C0 463.7 ± 179.0
pH 42.81 ± 15.55 pH −5.514 ± 2.362
m2 0.656 ± 0.254 m2 −4.611 ± 1.808
pH2 −2.481 ± 1.055 C0

2 −4.695 ± 1.762
m · C0 1.228 ± 0.470 pH2 0.714 ± 0.170
m · pH −0.884 ± 0.321 m · C0 −19.06 ± 7.30
m2 · C0 −0.0122 ± 0.0047 m2 · C0 0.191 ± 0.073
pH2 · C0 −0.0111 ± 0.0051 m · C0

2 0.193 ± 0.072
m · pH2 −0.0673 ± 0.0229 m2 · C0

2 −0.019 ± 0.007
R2 0.8123 R2 0.9061
p 7.53 × 10−5 p 7.81 × 10−7

aThe showed terms have significance lower than 0.05.
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Tc removal at pH between 6 and 8 with dry biomass of acid-
treated (and untreated) roots of Alternanthera philoxeroides.40

On the other hand, Daneshvar et al. reported the maximum
Tc removal at pH between 8 and 10 with lipid-free
Scenedesmus quadricauda and Tetraselmis suecica biomasses.27

This behavior evidences the effect of the tetracycline
prototropic specieswhich is in equilibrium at all pH
rangeson adsorbate−adsorbent interaction.37
On the other hand, the biomass dosage and the initial

concentration had a more complex behavior. In NLB, the
linear terms of C0 and m favored the Tc %Rap, while the
quadratic terms exhibited a reverted role. The negative sign of
the interactions between C0 and m suggests an antagonist effect
on Tc %Rap with C0 and m. Despite the parabolic trend, at pH
12, the removal increases as C0 and m decrease (see Figure 2e).
This biomass performed better at lower C0 and m. Li and
Wong found similar behavior in the efficiency of Tc removal
using the biomass of Pachydictyon coriaceum and Sargassum
hemiphyllum as biosorbents.39

The Tc %Rap in LEB improved with the increasing biomass
dosage (m), and it is reinforced by the synergy with C0 (m, m

2,
and m · C0 coefficients >0). Conversely, Tc %Rap has an

antagonist effect with C0 (C0 coefficient <0) and a
complementary effect by the C0 · m interaction. Tc %Rap
increased with the increasing m and the decreasing C0 (see
Figure 2e,f). The available adsorption sites grow with the
biomass quantity despite the increasing occupation by Tc. The
defatted biomass of Scenedesmus quadricauda and Tetraselmis
suecica performed similarly to LEB in Tc removal below 50
mg/L.27

The calibration curve was built with the maximum-removal
conditions. The UV−vis spectrum of tetracycline in an
aqueous solution at pH 12 revealed two absorption maxima
at 269.6 nm (λ1) and 379.6 nm (λ2) (Figure S1, Supporting
Information). According to ANCOVA, there is no significant
interaction between the concentration and the treatment (T)
for both absorption maxima; see Table S1 (Supporting
information). The model A = C × T obtained the significance
values of p = 0.731 and 0.660 for 379.6 and 269.6 nm,
respectively. Therefore, there are no significant differences in
the slopes of the calibration curves between treatments.
The evaluation of models without interaction (A = C + T)

shows the significance of T in the model (p < 0.05), suggesting
an effect of T on the intercept of each calibration curve. The

Figure 2. Surface response plots of apparent removal of Tc with NLB (a, c, e) and NLB (b, d, e). C0 vs pH biplot at m (NLB) = 60 mg (a) and m
(LEB) = 40 mg (b). m vs pH biplot at C0 (NLB) = 50 mg/L (c) and C0 (LEB) = 40 mg/L. m vs C0 biplot at pH = 12: (e) NLB and (f) LEB. The
z-axis is the Tc apparent removal.
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comparison between models with and without interaction
revealed a statistically nonsignificant difference between them
(p > 0.05) at both absorption maxima (see Table S2,
Supporting Information). Based on this analysis, it is possible
to conclude that there is no matrix effect on the calibration
curves. It is noteworthy that the matrix absorption at 379.6 nm
is approximately zero, and it was selected as the working
wavelength.
3.2. Removal Efficiency and Adsorption Kinetics.

Table 3 shows the Tc removal efficiency for both biomasses.

The concentrations were calculated with the calibration curves
and the conditions of maximum removal. In this table, the
maximum tetracycline removal for NLB was 68.0%, while LEB
removed 76.9%. The absorption capacity is 14.1 (NLB) and
19.2 (LEB) mg/g, confirming the enhanced removal efficiency
of the defatted biomass. Also, these results were shown to be
superior to those reported by Daneshvar et al. for the lipid-free
biomass of Scenedesmus quadricauda (62.97% at 80 mg/L) and
Tetraselmis suecica (55.11% at 80 mg/L).27 Likewise, our
results exceed the removal efficiency of the biosorbents
Sargassum hemiphyllum (40%) and Pachydictyon coriaceum
(70%).39 These results revealed a valorization of the waste
from the lipid extraction of the nonliving microalgae biomass,
contributing to improving the process’s sustainability.
On the other hand, a comparison with activated carbon from

macadamia nutshells showed comparable or superior perform-
ance of our material (70% at pH = 5 and C0 = 600 mg/L).
However, at pH < 5, the removal efficiency was about 80%.41

Peng et al. reported an enhanced removal efficiency of Tc
(97.8%) by improving microalgae-based biochar with iron.42

The advanced adsorption materials as graphene oxide
functionalized with magnetic particles15 and multiwalled
carbon nanotubes16 showed high removal efficiency (86−
99.8%), as expected. However, Gao et al. reported 71.4% in Tc
removal efficiency with graphene oxide showing comparable
performance to our inexpensive material.43

The fitting of the adsorptive capacity data against time using
the different models is shown in Figure 3. The system reached
equilibrium after 180 min of contact. A comparison with the
literature shows that equilibrium time was 180 and 0 min for
lipid-free biomass from Scenedesmus quadricauda and Tetra-
selmis suecica, respectively.27 In other studies with several
adsorbates, high variability in equilibrium time was observed.
Lin et al. reported 10 min to reach equilibrium in removing Tc
with graphene oxide functionalized with Fe3O4 magnetic
particles.15 A Fe activated microalgae-derived biochar reached
equilibrium at 60 min.42 On the other hand, Montmorillonite

with Cu(II) and activated carbon from tomato residues
reported high equilibration times, 960 and 2280 min,
respectively.44 Using Illite 2:1 layered clay mineral, Po-Hsiang
et al. reported an equilibration time of 8 h.45

The goodness-of-fit and regression results are observed in
Table 4. According to the determination coefficient, the data
fitted to a pseudo-second-order model, R2 = 0.996 (NLB) and
R2 = 0.999 (LEB). However, the coefficient of determination
showed a good fit for the pseudo-first-order model (R2 > 0.9,
see Table 4). The qt values were also fitted to the Elovich
model, R2 = 0.991 (NLB) and R2 = 0.990 (LEB). The pseudo-
second-order model could better predict the value of
experimental equilibrium adsorption capacity (qe).
These results suggest that adsorption kinetic is mainly

controlled by chemisorption. However, the well fitting to
pseudo-first-order model allowed us to infer the coexistence of
chemical and physical processes.46 On the other hand, the
Elovich model supports the chemisorption mechanism and
suggests an interaction between adsorbates.47

The intraparticle diffusion model shows that bulk transport
occurred up to 5 min of contact (see Figure 3C,D).
Furthermore, the film transport has governed the process
between 5 and 180 min in NLB, followed by the intraparticle
diffusion and adsorption−desorption equilibrium. For LEB,
the film transport is observed up to 360 min.
These results agree with SEM morphology and particle and

pore size. The small NLB particle is formed by small pores,
limiting the film transport and intraparticle diffusion.
Consequently, the adsorption equilibrium can reach quickly.
Conversely, in LEB, the processes can be slow due to this
material’s pore size and distribution characteristics.

3.3. Adsorption Equilibrium. In Figure 4, the qe data
draw a type III isotherm according to the Brunauer and
IUPAC classification. This isotherm describes multilayer

Table 3. Time Profile for the Tc Removal Percentage with
Nonliving and Lipid-Free Chlorella sp. Biomasses

t (min) %R (NLB) %R (LEB)

0 0.00 ± 3.3 0.00 ± 3.3
1 40.8 ± 2.3 34.9 ± 2.4
15 57.7 ± 1.9 56.7 ± 1.9
30 60.1 ± 1.8 62.5 ± 1.8
60 61.0 ± 1.8 66.8 ± 1.7
120 61.0 ± 1.8 67.8 ± 1.7
180 67.8 ± 1.7 70.4 ± 1.6
240 66.2 ± 1.7 69.7 ± 1.6
300 65.8 ± 1.7 70.9 ± 1.6
360 68.0 ± 1.7 76.9 ± 1.5

Figure 3. Tetracycline adsorption kinetics results using (A, C)
nonliving and (B, D) lipid-extracted Chlorella sp. biomasses. Pseudo-
first-order, pseudo-second-order, and Elovich models are in the upper
plots (A and B), and intraparticle diffusion is in the lower plots (C
and D). For NLB experiments, Tc initial concentration was 50 mg/L
and 60 mg of biomass and subsequently, for LEB, Tc initial
concentration was 40 mg/L and 40 mg of biomass. All experiments
were conducted at pH = 12.
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adsorption by weak interactions with low energy on a
macroporous surface.
The parameters obtained by fitting the data to the isotherm

models of Freundlich, Frenkel−Halsey−Hill and BET are

shown in Table 5, and the fitted curves are shown in Figure 4.
The type III isotherms should not fit the Langmuir isotherm
(type II). The three equations can explain the result,
suggesting adsorption on a heterogeneous surface. The values
of the Freundlich constant (KF) revealed unfavorable
adsorption (KF < 1). NLB (0.339 mg/g) has a similar behavior
to LEB (0.336 mg/g. Also, the 1/n values mean lower
adsorbate−adsorbent affinity in NLB than LEB.
Although Tc removal studies in the literature reported

Langmuir and Freundlich isotherms, we have taken the
Freundlich isotherm results. Comparing algae-based materials
shows unfavorable adsorption and low affinity concerning
reported values (see Table 5). Similar behavior was observed
compared with the biomass of alligator weed roots.40 As
expected, more advanced materials, for example, biochar,48

activated carbons,41,49 and graphene oxide,15,43 had better
affinities.
The FHH model represents multilayer adsorption on the

surface, assuming a variation of the adsorption potential with
distance from the surface.50 The values of Afhh revealed similar

Table 4. Results for Adsorption Kinetics of Tetracycline in Nonliving Chlorella sp.(NLB) and Lipid-Extracted (LEB)
Biomassesa

pseudo-first order

sorbent qe (mg·g−1) k1 (min−1) R2

NLB/NLF 17.4 (4)b 1.03 (18) 0.970
LEB/NLF 18.6 (5) 0.725 (175) 0.947

pseudo-second order

qe (mg·g−1) k2 (g·mg−1·min−1) R2

NLB/LF 18.6 (2) 0.0116 (65) 0.999
NLB/NLF 17.6 (3) 0.0932 (220) 0.980
LEB/LF 20.5 (5) 0.00671 (424) 0.996
LEB/NLF 19.0 (5) 0.0461 (124) 0.969

Elovich

β (mg·g−1) α (mg·g−1·min−1) R2

NLB 0.848 (79) 2.69 (33.1) × 104 0.991
LEB 0.572 (45) 6.42 (81.6) × 102 0.990

intraparticle diffusion

C kp (mg·g−1·min1/2) R2

NLB(II)c 14.5 (1.0) 0.41 (13) 0.827
NLB(III) 15.0 (2.8) 0.29 (17) 0.599
LEB(II) 14.9 (6) 0.23 (7) 0.780
LEB(III) 18.4 (1.5) −0.0232 0.000

Elovich

β (mg·g−1) α (mg·g−1·min−1) R2

NLB 0.848 (79) 2.69 (33.1) × 104 0.991
LEB 0.572 (45) 6.42 (81.6) × 102 0.990

intraparticle diffusion

C kp (mg·g−1·min1/2) R2

NLB(II)c 14.5 (1.0) 0.41 (13) 0.827
NLB(III) 15.0 (2.8) 0.29 (17) 0.599
LEB(II) 14.9 (6) 0.23 (7) 0.780
LEB(III) 18.4 (1.5) −0.0232 0.000

pseudo-second order

qe (mg·g−1) k2 (g·mg−1·min−1) R2

NLB/LF 18.6 (2) 0.0116 (65) 0.999
NLB/NLF 17.6 (3) 0.0932 (220) 0.980
LEB/LF 20.5 (5) 0.00671 (424) 0.996
LEB/NLF 19.0 (5) 0.0461 (124) 0.969

Elovich

β (mg·g−1) α (mg·g−1·min−1) R2

NLB 0.848 (79) 2.69 (33.1) × 104 0.991
LEB 0.572 (45) 6.42 (81.6) × 102 0.990

pseudo-second order

qe (mg·g−1) k2 (g·mg−1·min−1) R2

NLB/LF 18.6 (2) 0.0116 (65) 0.999
NLB/NLF 17.6 (3) 0.0932 (220) 0.980
LEB/LF 20.5 (5) 0.00671 (424) 0.996
LEB/NLF 19.0 (5) 0.0461 (124) 0.969

Elovich

β (mg·g−1) α (mg·g−1·min−1) R2

NLB 0.848 (79) 2.69 (33.1) × 104 0.991
LEB 0.572 (45) 6.42 (81.6) × 102 0.990

intraparticle diffusion

C kp (mg·g−1·min1/2) R2

NLB(II)c 14.5 (1.0) 0.41 (13) 0.827
NLB(III) 15.0 (2.8) 0.29 (17) 0.599
LEB(II) 14.9 (6) 0.23 (7) 0.780
LEB(III) 18.4 (1.5) −0.0232 0.000

Elovich

β (mg·g−1) α (mg·g−1·min−1) R2

NLB 0.848 (79) 2.69 (33.1) × 104 0.991
LEB 0.572 (45) 6.42 (81.6) × 102 0.990

intraparticle diffusion

C kp (mg·g−1·min1/2) R2

NLB(II)c 14.5 (1.0) 0.41 (13) 0.827
NLB(III) 15.0 (2.8) 0.29 (17) 0.599
LEB(II) 14.9 (6) 0.23 (7) 0.780
LEB(III) 18.4 (1.5) −0.0232 0.000

aLF, linear fit; NLF, nonlinear fit; ID, intraparticle diffusion. bThis
notation is the compact uncertainty notation, that is, X.XX(Y)
signifies X.XX ± 0.0Y. cIntraparticle diffusion stages: Zone I from t =
0 to 5 min, Zone II from t = 5 to 180 min, and Zone III after 180 min.

Figure 4. Tetracycline adsorption isotherms for (A) nonliving and
(B) lipid-extracted Chlorella sp. biomasses. NLB experiments were
conducted with 60 mg of biomass, while LEB experiments were
conducted with 40 mg of biomass. All experiments were conducted at
initial pH 12.
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surface adsorption capacity of LEB and NLB. It is associated
with long-range interactions between the surface and the first
layer and the interaction between adsorbates (as also suggested
by the Elovich kinetics). According to these results, in Table 5,
the interactions between tetracycline and LEB surface are
slightly weaker than NLB. The Bfhh values give the interaction
between the first layer with the subsequent layers. In our work,
these values showed that the tetracycline multilayer is thinner
in NLB than the multilayer in LEB, supporting the observed
greater removal capacity of the latter (see Table 5).
The BET isotherm reinforced the behavior related to the

adsorptive capacity of tetracycline on NLB and LEBthe qmax
and Cs values are greater in the latter. However, the CBET value
suggested that multilayer formation is more favored in LEB
(see Table 5). CBET parameter is the relationship between the
equilibrium constants of the first layer and subsequent layer
formation.51

3.4. Adsorption Mechanism. According to Figure 2, the
Tc removal capacity increases with the increasing pH. The
biomass compositions are proteins, saccharides, and lipids. The
functional groups contained in the surface and interstices are
capable of exchanging ions with the media. Then, the surface
charge changes depending on these functional groups. The
surface acts as a buffer stabilizing the media pH. Daneshvar et
al. found the pH ranged between 6.86 and 7.75 after the
contact of the biomass with Tc solutions at initial pH of 4−
10.27

On the other hand, Tc modifies its electrostatic potential
due to the prototopic species governing at a given pH. Figure 5

shows the electrostatic potential surface of the Tc prototopic
species. At low pH, the positively charged specie is the more
abundant in the media. The positive charge is located at the
ammonium and amine groups (∼0.172 Hartrees, see Figure 5).
The zwitterion species dominate under 7.5 pH units, and the
electrostatic potential increased in negative sites and decreased
in positive regions (∼0.112 Hartrees). As the pH increases
(>7.5), the negative electrostatic potential grows around the
oxygens forming a keto-enol system.
The high electrostatic potential values promote the electro-

static interactions and the ionic exchange (induced by the
aqueous media). The former suggests physisorption, while the
second suggests chemisorption. The Elovich model fitting
supports the presence of the chemisorption mechanism and,
additionally, indicates interactions between adsorbates. The
tetracycline self-association inside proteins has been ob-
served.52 These facts support the observed in the isotherm
and kinetic models, justifying the multilayer formation.
At pH around 7, the zwitterion species can interact with

positive and negative sites on the surface. The lipid extraction
procedure probably decreased the number of negative sites
and, consequently, increased the proportion of positive sites.
These conditions favored the Tc interaction based on the
molecule’s rich negative electrostatic potential regions.
The dependence of the adsorption process on pH could

provide insights into the desorption mechanism. Figure 3
revealed that desorption starts from 300 min. The charge
compensation in the multilayer probably reduces the active
sites and modifies the bulk pH. In Figure 2, low pH decreased
the removal efficiency.

4. CONCLUSIONS
In this work, we have explored the adsorptive capacity of
nonliving Chlorella sp. biomass before (NLB) and after (LEB)
a lipid extraction procedure. In this case, tetracycline from
highly concentrated aqueous media was removed. LEB
removed 76.9% (q = 19.2 mg/g) of tetracycline at 40 mg/L
initial concentration, while NLB removed 68.0% (q = 14.2 mg/
g) at 60 mg/L of tetracycline. These results revealed an
enhanced removal capacity by LEB compared with NLB and
other microalgae-based materials. On the other hand, the
adsorption kinetics followed the pseudo-second-order and
Elovich models suggesting chemisorption with interactions

Table 5. Results of Adsorption Isotherms of Tetracycline
with Nonliving and Defatted Chlorella Sp. Biomassesab

Freundlich isotherm

sorbent/fit method KF (mg·g−1) 1/n R2

NLB 0.339(166) 1.33(13) 0.924
LEB 0.336(117) 1.19(10) 0.945
Sargassum hemiphyllum39 0.73 0.515 0.982
Pachydictyon coriaceum39 2.40 0.476 0.991
Scenedesmus quadricauda27 1.97 0.779 0.987
Tetraselmis suecica27 1.51 0.749 0.993
alligator weed root40 0.94 0.52 0.995
acid-treated alligator weed root40 0.00137 0.73 0.967

Frenkel−Halsey−Hill isotherm

Afhh Bfhh Cs (mg·L−1) R2

NLB/GA + BFGSc 6.026 0.2159 500 0.921
LEB/GA + BFGSc 5.918 0.2481 500 0.962

BET isotherm

qmax (mg·
g−1)

CBET
(L·mg−1)

Cs (mg·
L−1) R2

NLB/GA + BFGS 439.1 0.144 103.6 0.923
LEB/GA + BFGS 1151 0.096 226.8 0.939

Frenkel−Halsey−Hill isotherm

Afhh Bfhh Cs (mg·L−1) R2

NLB/GA + BFGSc 6.026 0.2159 500 0.921
LEB/GA + BFGSc 5.918 0.2481 500 0.962

BET isotherm

qmax (mg·
g−1)

CBET
(L·mg−1)

Cs (mg·
L−1) R2

NLB/GA + BFGS 439.1 0.144 103.6 0.923
LEB/GA + BFGS 1151 0.096 226.8 0.939
aNLB, nonliving biomass. bLEB, lipid-extracted biomass. cData fitted
with genetic algorithms followed by optimization with Broyden−
Fletcher−Goldfarb−Shanno algorithm.

Figure 5. Molecular electrostatic potential of tetracycline at different
pHs.
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between adsorbates. The adsorption isotherms indicate a
multilayer mechanism on a heterogeneous surface. Addition-
ally, the interactions between the surface and the first layer of
tetracycline are weak, and the formation of the subsequent
layers is favored. Microalgae are recognized as a lipid source for
food, cosmetics, and biofuel. The byproduct from the lipid
extraction procedure removed better tetracycline than the
nonprocessed biomass. The Chlorella sp. biomass after the lipid
extraction process is a promising material for removing
tetracycline. Moreover, the use of this residual biomass
contributes to the zero-waste strategy.
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