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The present study deals with the removal of doripenem, one of the most stable and persistent antibiotics,
from aqueous solution via adsorption technique using the low-cost structured alginate-immobilized bentonite
(Alg@iB) beads which can be easily recovered after the process. Alg@iB possesses a porous interior and
higher basal spacing compared with the acid-activated bentonite (iB). Its adsorption/desorption isotherm
corresponds to type IV IUPAC classification and H4-type

4hysteresis loops, implying the presence of slit- or plane-shaped pores

. The influences of four in- dependent adsorption parameters, e.g., pH, initial doripenem concentrations
(md), temperature (T), and Alg@iB loading (mc), on the removal rate of doripenem (Yd) are investigated.
The maximum Yd (95.8% w/w) is obtained at pH = 5, mc = 1.4% w/v, T = 50 ◦C, and md = 250 mg/l. The
study suggests that the adsorption of doripenem is spontaneous and endothermic. Further analysis using
the multi-linear intra-particle diffusion (IPD) model in- dicates that the rate-governing step in this adsorption
process is the physical diffusion from the bulk solution to the boundary layer of Alg@iB. However, the
mechanism study also considers the chemical hydrogen binding between the hydronium ions of Alg@iB and
hydroxyl groups of doripenem as one of the driving forces that promote adsorption. Alg@iB shows good
reusability with Yd > 90% w/w up to five adsorption cycles. Based on the study, the Alg@iB beads exhibit
excellent affinity to doripenem, indicating that an effective doripenem

3removal can be achieved using this sorbent material. 1. Introduction

Doripenem (also known as Doribax) is a synthetic carbapenem antibiotic and structurally related to the class
of beta-lactam antibac- terial (Greer, 2008; Hilas et al., 2008). It

21has been approved by the United States Food and Drug Administration (US

FDA) as

an essential antibiotic for complicated intra-abdominal infection (Sartelli et al., 2017) which is one of the
major contributors to non-trauma deaths caused by severe septic shock and multi-organ dysfunction due to
pathogens (e.g., aerobic/anaerobic bacteria, and fungi) (Blot et al., 2019; Blot and De Waele, 2005; Sakr et
al., 2018; Vincent et al., 2016). Doripenem possesses activity against both gram-positive bacteria *
Corresponding author. E-mail address: mariayuliana@ukwms.ac.id (M. Yuliana). (Greer, 2008) and the
highly resistant gram-negative pathogens, such as Pseudomonas aeruginosa (Hilas et al., 2008). It has
greater stability in an aqueous solution than the prior components in the carbapenem class, e. g., imipenem,
meropenem, and ertapenem. This allows the drug to be infused for more than 4 h, which is beneficial for the
treatment of intractable and complicated infections (Greer, 2008; Mazzei, 2010). On the other hand, its high
stability induces difficulties for its removal from the aqueous solution. Only 15% of the given dose of
doripenem is metabolized and released as an inactive metabolite during the drug administering process,
while, around 70% is eliminated in the urine as an unchanged drug (Greer, 2008) which then ends up in a
substantial amount of difficult-to-treat doripenem-containing wastewater. The improper disposal and
incomplete treatment of antibiotics-containing

9https://doi.org/10.1016/j.envres.2021.112162
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Alginate Alg@iB Alginate-immobilized bentonite composite beads AOPs Advanced oxidation processes iB
Industrial bentonite IPD Intra-particle diffusion wastewater may enter the environment and pollute water
bodies (Peng et al., 2016; Ternes et al., 2004). This triggers the developed resistance of the pathogenic
bacteria and leads to the mutagenic and genotoxic effects on aquatic organisms as well as humans (Tonucci
et al., 2015). Therefore, it is imperative to remove antibiotics from the aqueous so- lutions in order to
minimize their contact with the environment and living communities. Conventional wastewater treatments
can only partially remove this emerging and persistent doripenem. While, advanced methods including the
membrane filtration and advanced oxidation processes (AOPs) resulted in high removal efficiency (higher
than 90%) (Huber et al., 2005; Košutić et al., 2007). However, both techniques are limited by the expensive
cost and severe operating conditions. AOPs require a sub- stantial number of supporting chemicals, which
generates secondary pollution and the demand for complicated separation processes. Recently, many
studies report the utilization of adsorption techniques to remove various antibiotics (Mousavi and Janjani,
2020; Peng et al., 2016; Yu et al., 2020; Zeng et al., 2018). This method is considered

18as an effective method to treat wastewater containing

antibiotics

22due to its simplicity, high efficiency, and

non-toxic nature. The powdered acti- vated carbon and graphene oxide have been reported to remove
various quinolone antibiotics (Fu et al., 2017) and tetracycline in the water (Gao et al., 2012), respectively.
Mousavi and Janjani (2020) also reviewed the performance of the walled-, double-walled-, multi-walled-
carbon nanotubes to remove the antibiotics from an aqueous solution. However, these carbon-based
adsorbents require a relatively high production cost, which is not suitable for industrial practices. Bentonite is
one of the most abundant natural clay mineral and a low-cost adsorbent, characterized by the lamellar and
microporous structures, low hydraulic conductivity, and good swelling capacity (Chen et al., 2012; Tan and
Ting, 2014). Naturally, it consists of mont- morillonite as the major constituent. It generally possesses only a
moderate adsorption capacity; therefore, several studies have chemi- cally modified various types of pillared
bentonite to improve its adsorption capacity for the removal of antibiotics from the aqueous solutions (Genç
et al., 2013; Maged et al., 2020; Wang et al., 2020). Despite its wide applications as the adsorbent, bentonite
has some important issues and drawbacks that need to be resolved: (1) it forms a stable colloidal
suspension in water due to its swelling ability, which promotes high turbidity and difficulties in the recovery of
the used clays, (2) its fine particle size induces low filtration rate, pressure loss and may be carried over in
the backwash operations. Therefore, the development of a new fabrication technique to modify the improper
powdery form of the bentonite, as well as to mitigate the clogging and post-sorption separation process is
required to improve its applications in the aqueous system; that is by immobilizing the fine clay minerals into
the polymeric matrix. The synergistic properties between the two materials may complement their
characteristics and subsequently enable the comprehensive improvement of the adsorption behavior against
various pollutants (Auta and Hameed, 2014), post-separation efficiency, and feasibility (Xu et al., 2020).
Sodium alginate as one of the most popular natural polymers has attracted wide interest in wastewater
treatment for immobilization purposes of powder-type adsorbents due to its non- toxicity, biodegradability,
and low-cost properties (Pawar et al., 2020; Tan and Ting, 2014). Due to the superior properties of bentonite
and alginate, the com- bination of these two low-cost natural resources, is estimated to be able to enhance
the adsorption performance, facilitate better recovery and reusability of the used adsorbent. While the
alginate-immobilized bentonite composite beads (Alg@iB) have been studied for the removal of heavy
metals and organic fertilizers (Ely et al., 2009; Pawar et al., 2016),
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3to date, there is no published report on the detailed per- formance of

Alg@iB for the antibiotics removal.

7In this study, the feasibility of using Alg@iB as an adsorbent for doripenem is
evaluated under the influence of

various parameters (e.g., pH, initial concentration of doripenem md, temperature T, and Alg@iB loading mc).
The reus- ability study of the Alg@iB for the doripenem adsorption is also estab- lished for five adsorption-
desorption cycles, while the

1adsorption behavior mechanism of the antibiotics into the

internal structure of the beads is elucidated using the kinetics and isotherm studies. 2. Materials and
methods 2.1. Materials The industrial bentonite (iB) was obtained from a local supplier in Pacitan, Indonesia.
The material was treated with sulfuric acid accord- ing to the study of Fabryanty et al. (2017) prior use.
Doripenem (C15H24N4O6S2, CAS No.148016-81-3, ≥98% purity) was obtained from Adooq Bioscience
(Irvine, CA). The sodium alginate (CAS No. 9005-38-3) and calcium chloride (CaCl2, CAS No. 10043-52-4,
anhy- drous with the purity of ≥97%) were purchased from Sigma-Aldrich (Germany), while the other
reagents, e.g., hydrogen peroxide (H2O2, CAS No. 7722-84-1, 35% purity), sodium chloride (NaCl, CAS No.
7647-14-5, ≥99.5% purity), sodium hydroxide (NaOH, CAS No. 1310-73-2, 99–100% purity), and sulfuric
acid (H2SO4, CAS No. 7664-93-9, ≥98% purity) were supplied by Merck (Germany). All re- agents were of
analytical grade and directly used as received. 2.2. Preparation and characterization of Alg@iB beads An iB-
alginate suspension (2% w/v alginate and 2% w/v iB) was first prepared by (1) dispersing 2 g iB

4in 50 ml deionized (DI) water under continuous stirring of 500 rpm in one

beaker

glass; (2)

7dissolving 2 g of alginate in 50 ml DI water in a

separate beaker glass; and (3) mixing the above two solutions for 4 h via vigorous stirring-ultrasonic
processing. The mixture was then transferred to a burette equipped with a pipette tip, and it was slowly
dropped into a 4% w/v CaCl2 solution which was continuously stirred to form the Alg@iB

7beads. The resulting beads were allowed to harden in the CaCl2 solution

for another 3 h to enhance their mechanical strength and subsequently filtered, rinsed with DI water until the
pH reaches 7.0, and dried to constant weight at 40 ◦C. The same procedures were employed to prepare the
plain alginate (Alg) beads, substituting iB with DI water. The iB, Alg, and Alg@iB beads were characterized
by several phys- icochemical analysis techniques, including scanning electron micro- scopy (
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16SEM), X-Ray powder diffraction (XRD), nitrogen (N2) sorption, Fourier
transform infrared (FTIR), and point-of

-zero-charge (pHpzc). The SEM micrographs were obtained by SEM

13JEOL JSM-6500F (Jeol Ltd., Japan). The respective voltage and working
distance of

the analysis are set between 10 and 15 kV and 9.4–10.9 mm, respectively. The

8XRD analysis was conducted using an X’PERT Panalytical Pro X-Ray
diffractometer (Philips-FEI, Netherlands

) at 40 kV

15and 30 mA tube current with the

2θ ranges from 2◦ to 70◦. The

15monochromatic Cu Kα1 radiation (λ) is set at a wavelength of 0.154 nm

. The textural properties (e.g., specific surface area, SBET, and pore volume, Vp) of iB and Alg@iB beads
were measured at a temperature of

177 K using a Micromeritics ASAP 2010 sorption analyzer. The

FTIR spectra were acquired using Shimadzu FTIR 8400s from 400 to 4000

1cm− 1. The point-of-zero-charge (pHpzc) of

Alg@iB was measured

1by Malvern Zetasizer Nano Z (Malvern Panalytical Ltd., UK) with the pH range

of 2–11

. 2.3. Adsorption of doripenem onto Alg@iB The experimental runs of the doripenem adsorption

17were conducted in a series of flasks with a range of
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pH (2, 5, 8, 11), initial doripenem concentrations (md 100, 150, 200, 250 mg/l), temperature (T 30, = = 40, 50
C), and Alg@iB loading (mc = 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4% w/ ◦ v). In this study, all experiments were
carried out in a 50 ml doripenem solution sample. Initially, the effect of pH was studied at md = 250 mg/l, T =
30 C, and mc = 1.4% w/v. The pH of the sample was adjusted using ◦ 2 N H2SO4 and 1 N NaOH solutions
before the addition of Alg@iB. The adsorption system was then heated to the desired T, and subsequently,
the measured amount of dried Alg@iB beads was immersed into the solution. The system was maintained
isothermally under continuous agitation for 180 min (this duration was obtained from the study of adsorption
kinetics – section 2.5) before phase separation.

4After the complete sorption process, the Alg@iB beads were filtered out from

the

solution and the concentration of doripenem in the supernatant was analyzed by Shimadzu UV–Vis
spectrophotometer 2600 (Shimadzu, Japan). The removal rate of doripenem Yd was calculated using
equation (1) below: Yd (% w / w) = 100 (C0 − Cf ) C0 (

61) Where, C0 and Cf are the initial and final concentrations of doripenem in the
solution (mg/l), respectively

. Further experiments to monitor the influence of md, T, and mc on Yd were then performed using the same
procedure at optimum pH. The operating condition giving the highest Yd was used for the reusability study
(section 2.4). 2.4. Reusability study of Alg@iB The reusability test was conducted for 5 identical adsorption –
regeneration – desorption cycles. The Alg@iB beads were regenerated by acid immersion at two different
temperatures (30, 40 ◦C). The used beads were immersed in 0.2 N H2SO4 solution for 120 min at a certain
temperature and kept under a constant stirring rate of 150 rpm. The regenerated Alg@iB beads were then
rinsed using DI water until no more doripenem leached out (verified by the UV–Vis spectrophoto- metric
analysis of the rinsing water), vacuum dried at 40 C, and reused ◦ for the next adsorption studies. All
experimental runs

1were carried out thrice to confirm the results. 2.5. The kinetics and isotherm
studies

In the kinetics study, the doripenem solution (md 250 mg/l)

1was = introduced into a series of beaker glass

, adjusted to pH 5 using H2SO4 = and NaOH solutions, and heated to a certain temperature (T 30, 40, = 50
C). Then, the Alg@iB beads were added to the solution with mc ◦ = 1.4% w/v. The mixture was

1stirred to keep the system homogenous. Each beaker glass was collected at

different time intervals, and the
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16concentration of doripenem in the supernatant was measured. The adsorption
capacity at a certain time (Qt

) can be determined using equation (2),

1where C0 and Ct correspond to the initial doripenem concentration and

its

23concentration at time t (mg/l), wc defines the mass of the Alg@iB (g), and V is
the volume of doripenem solution (l

). Qt(mg/g)=V (C0 − Ct) wc (2) The uptake data obtained from section 2.3 was used to conduct the isotherm
studies, where the adsorption capacity at equilibrium (Qe)

1can be expressed as follows. Qe(mg / g) = V (C0w−c

Ce) (3) The term of Ce in equation (3) stands for the equilibrium concentration of doripenem in the solution
(mg/

3l). The computed equilibrium data were fitted to several isotherm models,

including Langmuir, Freundlich, Temkin, and Dubinin-Radushkevic (D-R

). The resulting isotherm parameters were then employed to analyze the Gibbs free energy (ΔG◦), enthalpy
(ΔH◦), entropy (ΔS◦) of the adsorption process. These three thermodynamics properties may be used to
further elaborate the adsorption mechanism. 3. Results and discussions 3.1. Characteristics of Alg@iB Fig.
1 depicts the micrographs of acid-treated iB (a), Alg (b), and Alg@iB (c–d). The captured topographies of the
three samples show a significant difference, where the surface of acid-treated iB is flakey, quite rigid, and
smooth with an irregular shape, while the morphology of Alg reveals a rough and compact nature. The
image of Alg@iB dis- plays the

21formation of pores on the surface of the

composite. The incorporation of bentonite in the adsorbent is highly beneficial because it allows the interior
surface of the adsorbent to be porous (Tan and Ting, 2014), and more exposed to the doripenem. This
facilitates the perme- ation of water into the inner structure of Alg@iB, and therefore, leads to the higher
removal of doripenem. The nitrogen sorption of iB and Alg@iB are plotted in Fig. 2a. Notably, their isotherms
correspond to type IV in the IUPAC classifica- tion. The loop characteristics of all samples follow the H4-type
hyster- esis, usually observed for samples containing slit- or plane-shaped pores. These
adsorption/desorption profiles confirm the presence of the layered clay materials with complex interiors (non-
uniform micropores and mesopores). The important textural properties of iB and Alg@iB
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3are obtained from the BET isotherm. While the specific surface area and
pore volume of iB are found to be 257.4 m2/g and 0.364 cm3/g, respectively,
the corresponding values of both parameters for Alg@iB are 291.1 m2/g and
0.297 cm3/g. The

smaller pore volume and slimmer hysteresis loop (Fig. 2a) are monitored in Alg@iB as compared with that in
iB, suggesting that some pores are occupied with the Alg after the immobilization. The active sites
crosslinked with Alg are also respon- sible for the declining value of pore volume of Alg@iB. However, the
results also reveal an increase in the surface area of Alg@iB. This is probably attributed to the swelling
nature of bentonite upon contact with water (Tan and Ting, 2014). To verify the formation of the Alg@iB
composite, the surface func- tional groups of iB and Alg@iB are analyzed. The functional groups shown by
the Alg@iB composite are quite similar to iB, with the char- − 1040

6cm− 1 is correlated to the Si–O stretching vibration of iB and

acteristic peaks shown in Fig. 2b. The prominent peak at 1087 cm 1 and Alg@iB, respectively. The
asymmetric stretching vibration of the carboxyl group is monitored at 1656 cm− 1 for iB; this peak is shifted
to 1637 cm− 1 for Alg@iB. Minor bands at 521 cm− 1 for iB and 474–546 cm 1 for Alg@iB represent the Si–
O–Si and Si–O–Al bending vibrations. − The broad peak at 3128 - 3145 cm 1 correlates to the stretching of
the − hydroxyl group, while the bands at 3615–3635 cm− 1 show the (Si, Al) – OH stretching vibration. As
seen from Fig. 2b, the changes in the FTIR bands of Alg@iB is observed at 1421

4cm 1. This corresponds to the − symmetric stretching vibration of the carboxyl

(-COO-) group

and is contributed to the alginate moiety. The new peak and few alterations in the spectra indicate the
interaction between sodium alginate and iB in th composite, confirming the formation of Alg@iB. Fig. 2c
represents the diffraction pattern of Alg, iB, and Alg@iB. The amorphous structure is seen from the XRD
pattern of Alg. Meanwhile, the characteristic peaks of montmorillonite (M, ICDD #

413–0259 and #29–1498), kaolinite (K, ICDD

#

406–0221 and #01–0527), and quartz (Q, ICDD

#03–0419) are identified at similar 2θ value in both iB and Alg@iB. Notably, the merging of iB and alginate
affects the crystallinity of bentonite, indicated by a significant shift in ‘001’ diffraction peak from 2θ = 6.55◦ to
2θ = 5.86◦. This result implies the increase in the

25Fig. 1. SEM images of (a) iB, (b) Alg, (c–d
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) Alg@iB Fig. 2. (a) N2 sorption, (b) FTIR spectra, (c) XRD pattern, and (d) pHpzc of Alg@iB basal spacing
from 18.31 Å in iB to 19.27 Å in Alg@iB, which is likely contributed by the increase in the interlayer region of
Alg@iB due to the presence of immobilized Alg. The pHpzc of Alg@iB is obtained at a neutral region (Fig.
2d), with a value of 5.86. The composites are positively charged at pH lower than pHpzc due to the
occurrence of excessive hydronium (H ) ions which + further causes the adsorbent to protonate. Meanwhile,
at pH pHpzc, > the excess hydroxyl (OH ) ions provoke the deprotonation of the H and − + lead to the
charge-shifting of the Alg@iB to the negative side. 3.2. The influence of the adsorption parameters on the
removal of doripenem In most cases, the

4adsorption performance of an adsorbent is influ- enced by the change in the

solution pH

, as pH alters the total surface charge of the system and the electrostatic interaction between the adsorbent
and adsorbate. As previously

17shown in Fig. 2d, the pHpzc value of the Alg@iB beads is

observed at 5.86. This implies that the surface of Alg@iB is positively charged when the solution pH is less
than pHpzc, and vice versa. The experimental results show that the removal of doripenem fluc- tuates along
with the pH, where the removal magnitude increases from 69.03% (w/w) to 90.07% (w/w) when the pH
elevates from pH = 2 to pH 5. Subsequently, the removal rate of doripenem decreases to = 79.49% (w/w)
and 70.36% (w/w) when the pH level increases to pH = 8 and pH = 11, respectively. These results
demonstrate that the adsorption of doripenem is limited to a pH lower than pHpzc (pH 5.86), with the <
highest removal rate at pH = 5. Zeng et al. (2018) studied that at pH < 7, most of the antibiotics (including
doripenem) are partially protonated and found as a mixture of zwitterionic and cationic species in the solu-
tion. The number of cationic species is also reported to escalate signif- icantly along with the decrease in pH
value. This provokes the occurrence of the electrostatic repulsion between the cationic species of doripenem
and positively charged Alg@iB and subsequently reduces the removal rate of doripenem (Shyam et al.,
2013). Due to this reason, our study observes a low removal rate of doripenem at an extremely acidic
condition (pH 2). A similar phenomenon also happens at pH 7, as = > the deprotonated antibiotics and the
negatively-charged Alg@iB are repulsive towards each other, reducing the adsorption ability of Alg@iB. At a
constant pH (pH = 5), Fig. 3 presents the removal of doripenem Yd at various T, md, and mc. The maximum
Yd is obtained at adsorbent loading mc 1.4% w/v, temperature T 50 ◦C, and initial doripenem = =
concentration md 250 ppm. As seen in the figure, T remarkably in- = fluences the adsorption rate of
doripenem onto the surface of Alg@iB. This study sees a prominent increase in the reduction of doripenem
from the aqueous solution when T is elevated from the lowest (30 C) to the ◦ highest level (50 ◦C). The
diffusion rate of the adsorbate through the boundary layer of the Alg@iB surface escalates with the
temperature rise, which is mainly attributed to the lower viscosity of the solution (Chowdhury et al., 2011).
Besides, a higher T enhances the mobility and kinetic energy of the adsorbate, causing intense collisions
between particles. This eases the adsorption process to achieve its activation energy, and as a result, the
amount of doripenem uptaken into Alg@iB beads increases along with the temperature rise. Notable from
Fig. 3, md

15also plays a major role in the increase of the

doripenem removal rate, where higher md results in the higher Yd at constant mc and T. This is likely
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7due to the increased chance of contact between the antibiotics and Alg@iB in
solutions with higher

md (Tan and Ting, 2014), accelerating the collision between both adsorbent and adsorbate and
subsequently, resulting in a higher adsorption capacity.

24Pawar et al. (2016) and Xu et al. (2020) also reported that the resistance at the

mass transfer interface between the adsorbent surface and aqueous solution is also overcome at higher
concentrations. However, an insignificant increase of the uptake of doripenem by Alg@iB is also observed
when md is escalated from 200 mg/l to 250 mg/l, which in- dicates that all

7binding sites on the Alg@iB are fully occupied with

the Fig. 3. The removal of doripenem (Yd) varied with the initial doripenem con- centration (md) and Alg@iB
loading (mc) at (a)

1T 30 ◦C, (b) T = 40 ◦C, (c) T = = 50 ◦C

. antibiotics at these concentrations. A similar profile is observed for the effect of various mc on the removal
rate of doripenem. At T 30 C and within all tested md, = ◦ increasing the value of adsorbent loading from to
mc 0.2% w/v to mc = = 1.4% w/v linearly escalates Yd. Meanwhile, at T 40–50 ◦C, Yd rises = significantly at
the first five doses of Alg@iB (mc = 0.2–1.0% w/v), and elevates gradually thereafter. These results indicate
that Yd is propor- tional to the number of active sites offered by Alg@iB (Pawar et al., 2020). A slight
increase obtained while increasing the Alg@iB loading from mc 1.0% w/v to mc 1.4% w/v is likely because
almost 100% = = removal of doripenem is achieved. 3.3. The kinetics and mechanism study of doripenem
adsorption into Alg@iB Fig. 4 reveals that the sorption capacity of Alg@iB increases signif- icantly in the first
20 min, adsorbing more than 50% of the total dor- ipenem from the aqueous solution. The removal rate of
doripenem is

11relatively slow thereafter, and the equilibrium is reached within 180 min

. The same behavior is observed for all temperatures; however, escalating the temperature from 30 C to 50
C is monitored to improve ◦ ◦ the adsorption capacity of Alg@iB by two folds, which could be attrib- uted to
the increasing diffusion rate of adsorbate at higher temperatures (Chowdhury et al., 2011).

11To evaluate the sorption kinetics of doripenem onto Alg@iB, the

following pseudo-first-order (equation (4)), pseudo-second-order (equation (5)), and intra-particle diffusion
(IPD, equation (6)) equa- tions are used,

1where Qe and Qt (mg/g) correspond to the amount of doripenem adsorbed on
Alg@iB at equilibrium and at a certain adsorption time t (min), k1, k2, and kp
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represent the adsorption constants for pseudo-first-order, pseudo-second-
order, and IPD kinetics

, respec- tively. The computed kinetic parameters are presented in Table 1. Qt = Qe(1 − e− k1t) (4) Qt = (1
+Q2eQk2ekt2t) (5) Qt = kp(t12/) + C (6) Based on the data comparison of the three models (Table 1),
pseudo- second-order is better in describing the adsorption behavior of dor- ipenem onto the surface of
Alg@iB. The results imply that the chemi- sorption governs the adsorption more than the physisorption,

11where the sorption capacity heavily depends on the number of binding sites
on the

adsorbent. However, with (1) only a slight difference of R2 between the

20pseudo-second-order and pseudo-first-order, (2) the linear

line passing through the origin, and (2) the higher value of k1 compared with k2, we may also consider IPD
as one of the steps controlling the adsorption rate (Ho and McKay, 1999; Simon et al., 2019). Therefore, we
use the multi-linear IPD model to break down the adsorption steps (Figs. 4c and 5). The whole adsorbate
movement from the aqueous solution to the interior of Alg@iB can be divided into three steps as follows: (1)
the diffusion of doripenem

18molecules from the bulk solution to the external boundary layer of Alg@iB,

(2) the

intra-particle migration of doripenem from the boundary layer to the inner part of Alg@iB, and (3) the mol-
ecules of doripenem chemically embed on the active binding sites of Alg@iB via hydrogen bonding between
the hydroxyl arms of doripenem and hydronium ions in the lamellar spacing of Alg@iB; a similar mechanism
is observed for all adsorption temperatures. The results show that the adsorption constant of the first step
(kp1) is higher than those of the second (kp2) and third (kp3) steps (Fig. 4c), suggesting that the physical
diffusion from the bulk solution to the boundary layer is indeed the rate-governing step, followed
successively by the IPD and chemical embedding of doripenem on the surface of Alg@iB. An endothermic
nature of the sorption process is also monitored from the data presented in Table 1, due to the escalating
values of k1, k2, kp, and equilibrium adsorption capacity (Qe)

1along with the temperature from T = 30 ◦C to T = 50 ◦C

. Fig. 4. Adsorption kinetic data of doripenem onto Alg@iB, regressed using (a) pseudo-first order, (b)
pseudo-second order, (c) IPD model (pH = 5, md = 250 mg/l, and mc = 1.4% w/v).

6Table 1 The computed adsorption kinetic parameters of the

doripenem onto Alg@iB Model Parameters Temperature
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630 ◦C 40 ◦C 50 ◦C

6Pseudo-first order Pseudo-second order IPD k1 (g/mg.min) Qe (mg/g) R2 k2
(g/mg.min) Qe (mg/g) R 2 kp (mg/g

.min1/2) C R 2 0.1006 29.15 0.9837 0.0056 31.29 0.9989 1.8099 11.486 0.6774 0.1252 36.97 0.9892
0.0062 39.08 0.9994 2.1669 16.063 0.6142 0.1423 41.67 0.9926 0.0069 43.66 0.9994 2.3550 19.059 0.575
3.4. Isotherm study To obtain insight on the possible sorption mechanism,

19four isotherm equations (Freundlich, Langmuir, Temkin, and Dubinin-
Radushkevich (D-R)) are fitted into the equilibrium data at different
temperatures and the developed graphs are

11presented in Fig. 6. Meanwhile, the calculated parameters and constants are
summarized in Table

2. A careful comparison of the four models shows that the adsorption of doripenem into Alg@iB

3is best fitted to the Langmuir model and mainly driven by

both hydrogen bonding. Fig. 6 also indicates that the experi- mental and predicted Qe are similar to each
other, confirming the val- idity of

14this model to describe the adsorption of doripenem. The

conformity of the model towards the Langmuir isotherm suggests that the adsorbate forms a monolayer on
the surface of the adsorbent and this sorption happens at particular homogenous sites within the surface of
Alg@iB (Rusmin et al., 2015). The escalating value of the

8Langmuir constant (KL) along with the temperature from 0.016 L/mg at

T = 30 ◦

8C to 0.043 L/mg at

T = 50 ◦C emphasizes the favorability of the sorption process at a higher temperature. The

1computed Qm(L) is observed to increase from
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49.89

1mg/g at T 30 C to 72.11 mg/g at T 50 C

, = ◦ = ◦ indicating that the process is endothermic. The favorability of the sorption based on the Freundlich
isotherm is evaluated using the dimensionless 1/n. Table 2 shows that the 1/n value at various temperatures
ranges from 0.340 to 0.464, indicating that the adsorption is favorable (Widdyaningsih et al., 2020). Similar
to the Langmuir constant, both Freundlich (KF) and Temkin (KT) constants also prominently escalate

14from 30 C to 50 C. This verifies the endothermic ◦ ◦ nature of the sorption

process

. Table 2 also lists the heat of sorption (ET) obtained from the Temkin regression. The values are monitored
between 200.7 and 259.29 J/mol at the three temperature levels. Atkins (1999) mentioned that the ET value
lower than 20 kJ/mol indicates the nature of physical sorption; therefore, the resulting value of ET supports
the physisorption theory previously mentioned in the kinetic study. To confirm the adsorption nature of
Alg@iB towards doripenem, the mean sorption energy (ED-R),

3defined as the free energy transfer of 1 mol of solute from the infinity of
surface of the adsorbent

, is also computed using the isotherm model of Dubinin-Radushkevic.

8Chowdhury et al. (2011) stated that when the

ED-R value is

1lower than 8 kJ/mol, the sorption occurs via physical interaction

. With all ED-R values at various temperatures lower than 8 kJ/mol (Table 2), they confirm that the physical
interaction (bulk diffusion and IPD) governs more than the chemical hydrogen binding during the doripenem
migration

6from the bulk aqueous solution to the surface of the adsorbent

(Fig. 5).

3Three important thermodynamic parameters, e.g., Gibbs free energy change
(ΔG◦), enthalpy (ΔH◦) and entropy (ΔS◦), are

listed in Table 3.
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1Spontaneous and favorable adsorption of doripenem onto the surface of

Alg@iB is monitored in this study, indicated by the negative values of ΔG◦ at all tested temperatures. The
rising value of ΔG◦ along with the temperature also suggests a higher affinity of doripenem on Alg@iB at a
higher temperature. The endothermic nature is confirmed by the posi- tive value of the enthalpy (40.09
kJ/mol). Meanwhile, the entropy of the adsorption is obtained at 206 J/mol.K, pointing out the increased
randomness of doripenem molecules on the surface of Alg@iB at a higher temperature. This enhances the
affinity of the doripenem to the binding sites of Alg@iB (Liu and Liu, 2008). Based on the results, the
satisfactory removal of doripenem (Yd > 90%) implies that Alg@iB has a high affinity towards doripenem,
and is a potential

20adsorbent for the removal of doripenem from the aqueous solution. 3.5.

Reusability study The reuse potential of

Alg@iB to remove the doripenem from the aqueous solution is investigated for 5 consecutive

1adsorption and regeneration cycles; the results are shown in Fig. 7. Notable

from the

figure, the regenerated Alg@iB has generally a reduced adsorptive ca- pacity. The loss of the removal rate
is caused by a fewer number of binding sites available in the regenerated Alg@iB, which is likely due to the
incomplete removal of the doripenem from the interior of Alg@iB (Santoso et al., 2020). The results also
indicate that the combination of the chemical and mild thermal treatment proves to be a promising
regeneration tech- nique, as we observe only a 5.7% decrease in the removal rate of dor- ipenem until the
fifth run. Meanwhile, a significant decline (from 95.8 to 83.4% w/w) in the adsorptive rate of doripenem is
monitored since the second cycle when the used Alg@iB beads are immersed in the sulfuric Fig. 5. The
adsorption mechanism of doripenem onto the Alg@iB interior. Fig. 6. The fits of four isotherm models on the
adsorption equilibrium data of doripenem onto Alg@iB Table 2 The fitted parameters of isotherm adsorption
between doripenem and Alg@iB at pH = 5 and md = 250 mg/l. Isotherm Parameters

14Temperature (K) 303 313 323 Freundlich

Langmuir Temkin Dubinin-Radushkevich KF ((mg/g) (L/mg)1/n) 1/n r2 χ2 Qm(L) (mg/g) KL (L/mg) r2 χ2 KT
(L/g) ET (J/mol) r2 χ2 Qm(D-R) (mg/g) ED-R (kJ/mol) r2 χ2 3.497 0.464 0.9624 3.3206 49.89 0.016 0.9813
1.6567 0.131 212.77 0.9806 1.7108 33.796 0.067 0.8997 8.8600 8.222 0.358 0.9624 4.3707 57.97 0.031
0.9855 1.6844 0.284 200.70 0.9825 2.0394 45.633 0.095 0.9503 5.7794 12.196 0.340 0.9386 14.4918
72.11 0.043 0.9931 1.6234 2.641 259.29 0.7832 11.2707 56.978 0.157 0.9050 22.4028 Table 3 The ΔG◦,
ΔH◦, ΔS◦ values of the doripenem adsorption onto Alg@iB

8Temperature (K) Thermodynamic parameters ΔG◦ (kJ/mol) ΔH◦ (kJ/mol) ΔS◦
(J/mol.K

) 303 − 22.204 313 − 24.658 323 − 26.324 40.09 206 Fig. 7. The reusability study of Alg@iB
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25in the removal of doripenem from the aqueous solution

. acid solution at room temperature, without heating. This suggests that the desorption of doripenem
molecules from the surface of Alg@iB is endothermic, similar to its adsorption counterpart. 4. Conclusions A
low-cost bentonite-alginate (Alg@iB) composite beads with porous interior and high basal spacing have
been successfully synthesized

22and used for efficient removal of doripenem from aqueous solution. The batch

adsorption experiments

show that high removal of doripenem can be achieved by Alg@iB, with the highest Yd (95.8% w/w)
monitored at pH 5, mc 1.4% w/v, T 50 C, and md 250 ppm. The study = = = ◦ = suggests that the adsorption
of doripenem is spontaneous and endo- thermic, with the physical diffusion of doripenem

24from the bulk solution to the boundary layer of

Alg@iB as the rate-governing step, according to the multi-linear intra-particle diffusion (IPD) model.
Moreover, the interaction between Alg@iB and doripenem is also observed to be driven by the chemical
hydrogen binding. The reusability test shows that Alg@iB is stable until the fifth adsorption cycle. Therefore,
this study suggests that Alg@iB

4can be employed as an efficient adsorbent for the removal of doripenem from
the aqueous

solution.
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