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A B S T R A C T   

Numerous studies have reported various approaches for synthesizing phosphate-capturing adsorbents to mitigate 
eutrophication. Despite the efforts, concerns about production cost, the complexity of synthesis steps, environ
mental friendliness, and applicability in industrial settings continue to be a problem. Herein, phosphate-selective 
composite adsorbents were prepared by incorporating alginate (Alg) with MIL100 and MIL101 to produce the 
MIL100/Alg and MIL101/Alg beads, where Fe3+ served as the crosslinker. The unsaturated coordination bond of 
MIL100 and MIL101 serves as a Lewis acid that can attract phosphate. The adsorption equilibrium isotherm, 
uptake kinetics, and effects of operating parameters were studied. The phosphate adsorption capacity of MIL100/ 
Alg (103.3 mg P/g) and MIL101/Alg (109.5 mg P/g) outperformed their constituting components at pH 6 and 
30 ◦C. Detailed evaluation of the adsorbent porosity using N2 sorption reveals the formation of mesoporous 
structures on the Alg network upon incorporation of MIL100 and MIL101. The composite adsorbents have 
excellent selectivity toward anionic phosphate and can be easily regenerated. Phosphate adsorption by MIL100/ 
Alg and MIL101/Alg was driven by electrostatic attraction and ligand exchange. Preliminary economic analysis 
on the synthesis of the adsorbents indicates that the composites, MIL100/Alg and MIL101/Alg, are economically 
viable adsorbents.   

1. Introduction 

Phosphorous (P), along with nitrogen (N) and potassium (K), is an 
essential nutrient for the growth of healthy crops [1,2]. The supple
mentation of these nutrients to agricultural land is known to benefit the 
crop yield [3–5], which then leads to their immense consumption. In 

2000, 20.64 million metric tons (MT) of P fertilizer were spent in arable 
lands globally, and its usage increased to 30 million MT by 2019 (see 
Supplementary Information, Fig. S1a) with China as the largest user, 
followed by India, Brazil, and the United States (Fig. S1b). Different 
crops are postulated to require different amounts of P (Fig. S1c) [3]. 
Despite this knowledge, fertilizer supplementation is often done in 

* Correspondence to: K.-C. Cheng, Institute of Food Science and Technology, National Taiwan University, #1, Sec. 4, Roosevelt Rd., Taipei 10617, Taiwan. 
** Correspondence to: S. P. Santoso, Chemical Engineering Department, Widya Mandala Surabaya Catholic University, Surabaya 60114, East Java, Indonesia. 

E-mail addresses: kccheng@ntu.edu.tw (K.-C. Cheng), shella@ukwms.ac.id (S.P. Santoso).   
1 The authors are contributed equally to this work. 

Contents lists available at ScienceDirect 

International Journal of Biological Macromolecules 

journal homepage: www.elsevier.com/locate/ijbiomac 

https://doi.org/10.1016/j.ijbiomac.2023.123322 
Received 3 July 2022; Received in revised form 11 January 2023; Accepted 14 January 2023   

mailto:kccheng@ntu.edu.tw
mailto:shella@ukwms.ac.id
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2023.123322
https://doi.org/10.1016/j.ijbiomac.2023.123322
https://doi.org/10.1016/j.ijbiomac.2023.123322
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2023.123322&domain=pdf


International Journal of Biological Macromolecules 231 (2023) 123322

2

excess to ensure that plants have the required macronutrients. On 
average, only 20 % of available P is taken up and assimilated by the 
plants (Fig. S1d), while the unabsorbed P pollutes eventually leach to 
the water bodies triggering the downstream eutrophication hazard 
[3–6]. 

According to the National Pollutant Discharge System by the US 
Environmental Protection Agency (EPA), many municipal wastewater 
treatment facilities were not equipped with the technology to treat 
excess P. The lack of such systems may be due to the high complexity 
and cost required for P removal. To alleviate the burden of the pollutant, 
P-contaminated water can be restored using biological, chemical, or 
physical treatment approaches [6–8]. A moving bed biofilm reactor 
(MBBR) is commonly used to treat N- and P-contaminated water bio
logically [10]. However, multiple-stage treatment to ensure the treated 
waters meet discharge requirements and acidification of the wastewater 
must be done prior to the MBBR treatment, which eventually entails 
additional cost and maintenance. P removal could be done chemically 
alongside the removal of suspended solids by flocculants addition (e.g., 
polyaluminum chloride and FeCl3) [9]. Despite its effectiveness, this 
method was deemed impractical for treating concentrated pollutants 
due to the generation of chemical sludge in large amounts. For polluted 
waters with high concentrations of P, physical treatments like adsorp
tion would be favorable. Adsorption can be used as a pretreatment step 
to reduce the P levels before adopting the methods mentioned above as 
polishing steps. However, with appropriate operating conditions and 
choice of adsorbent, adsorption can be used as a sole treatment process 
to reduce the P in contaminated waters to the permitted level. Adsorp
tion as a treatment method is preferred given its versatility to remove a 
wide range of contaminants with the appropriate adsorbent, ease of 
operation, and low operating costs. Since treating contaminated water 
or wastewater is a resource-consuming yet non-income-generating 
process, efforts should be directed toward developing straightforward 
processes alongside strategies that would provide positive economic 
gains when establishing treatment systems for P removal. 

The choice of adsorbent in the adsorption process is crucial as it 
dictates the overall effectiveness of the treatment processes. Thus, it is 
imperative to consider the properties of the adsorbate in choosing and 
designing an effective adsorbent [10–15]. Various adsorbents derived 
from synthetic or natural materials have been developed for P adsorp
tion. Different strategies have also been employed to increase the ad
sorbent’s affinity for P. Since P tends to form anionic species in solution, 
the immobilization of positively charged metal ions can promote elec
trostatic attraction, improving the adsorbate-adsorbent interaction 
[16–20]. For example, adding the cationic tetravalent Zr to chlor
omethyl styrene grafted polyethylene-coated polypropylene fibers 
resulted in an adsorbent with a positively charged surface. The poly
meric fibers were demonstrated to have a good affinity for anionic 
phosphate (Pi) with an adsorption capacity of 10.55 mg of Pi, equivalent 
to 3.44 mg of P per g of adsorbent [18]. While immobilizing metal ions 
may increase the P adsorption capacity of the adsorbent, the metal in its 
ionic form may leach into the solution. To prevent possible leaching, 
immobilization of the metal as part of a metal-organic framework (MOF) 
is one solution. Shahat et al. [21] demonstrated cationic surfactant and 
ammonium molybdate surface-modified UiO-66 for P adsorption; the 
maximum adsorption capacity was reported to be 70.47 mg of Pi (23.00 
mg of P) per g. By adopting the latter strategy, where MOF was used as 
the adsorbent to remove P from water —herein, iron-based MOFs (Fe- 
MOFs), namely MIL100 and MIL101 were implemented. Fe-MOFs have 
an excellent interaction affinity toward P [22,23]. According to the 
hard-soft acid-base (HSAB) principle, compounds with the same 
extrinsic properties will have strong affinity. In this case, both P and Fe 
are classified as strong bases and strong acids, so they may exhibit strong 
affinity toward one another. 

Besides good adsorption performance, the ease of handling is an 
added value for adsorbents. Hydrogel adsorbents may deliver a more 
facile separation and retrieval than the powdered form. Alginate is a 

natural polysaccharide widely used for preparing adsorbents because of 
its ease of modification [24]. Alginates can be converted into hydrogels 
by simple crosslinking reactions with multivalent metal ions, such as 
Ca2+ and Fe3+ [25,26]. In addition, alginates have the advantages of 
being environmentally friendly, widely available, and inexpensive 
[27,28]. The presence of Fe3+ in alginate is in line with the previously 
mentioned HSAB principle, which could potentially improve the 
adsorption of Pi. Therefore, it is of interest to look into the integration of 
Fe-MOFs into alginate hydrogel and its performance as an adsorbent for 
Pi. 

MIL100 and MIL101 were prepared in this work and subsequently 
grafted into alginate-based hydrogels; Fe3+ ions are used to initiate the 
hydrogel formation and as a crosslinker. Alginate hydrogels grafted with 
MIL100- and MIL101 (denoted as MIL100/Alg and MIL101/Alg) were 
then used for P adsorption in aqueous solutions. The said adsorbents 
have not been extensively studied in the past. The adsorbed P was 
calculated as the total Pi adsorbed; which represents the total anionic 
species H3PO4, H2PO4

− , HPO4
2− , and PO4

3− . This study aimed to evaluate 
the adsorption mechanism and behavior of the MIL100/Alg and 
MIL101/Alg in removing Pi from P-contaminated waters. The specific 
objectives include (i) characterization of the adsorbent before and after 
adsorption, (ii) establishing the kinetic profile and equilibrium isotherm 
of the adsorption process using the alginate-based hydrogels grafted 
with Fe-MOFs, (iii) evaluating the effect of pH, initial adsorbate con
centration, and coexisting ions on the equilibrium uptake of Pi by the 
alginate-based hydrogels grafted with Fe-MOFs, and (iv) evaluating the 
reusability and production cost of the Fe-MOF-grafted alginate 
hydrogels. 

2. Materials and method 

2.1. Chemicals 

Sodium alginate with a viscosity of 5 to 40 cps was purchased from 
CV Nura Jaya, a chemical distributor in East Java, Indonesia. 
FeCl3⋅6H2O (99 % purity) was obtained from SAP Chemical. 1,3,5-Ben
zenetricarboxylic acid (C9H6O6, 95 % purity), nitric acid (HNO3, 65 % 
purity), dimethylformamide (C3H7NO, 99 % purity), terephthalic acid 
(C8H6O4, 99 % purity), ethanol (C2H6O, 99 % purity), antimony potas
sium tartrate (K(SbO)C4H4O6⋅1/2H2O, 99 %), ascorbic acid (C6H8O6, 
99.7 % purity), 1,10-phenanthroline (C12H8N2, 99 % purity) and 
ammonium heptamolybdate ((NH4)6Mo7O24, 82 % purity) were ob
tained from Merck, Germany. Sodium phosphate dibasic dihydrate 
(Na2HPO4⋅2H2O, 99 % purity) and Polysorbate 20 were obtained from 
Sigma Aldrich, USA. All chemicals were used as received without further 
purification. The solution used in this study was prepared using reverse 
osmosis water with a total dissolved solids concentration of 10–20 ppm. 

2.2. Experimental procedure 

2.2.1. Preparation of Fe3+-crosslinked alginate hydrogel 
The Fe3+-crosslinked alginate (Alg) was prepared by dissolving 3 wt 

% of sodium alginate in water. The solution was stirred for an hour at 
50 ◦C to obtain a homogenous alginate solution. The alginate solution 
was taken using a 1000 μL micropipette and then dripped drop-by-drop 
in 0.05 M FeCl3 solution. The resultant hydrogel beads were left in the 
FeCl3 solution for 12 h to ensure the complete crosslinking of the algi
nate chain by Fe3+. The crosslinked beads were collected and dried in a 
70 ◦C oven overnight. The dried beads were spherical and predomi
nantly 2.3 mm in diameter (Fig. S2a). 

2.2.2. Preparation of MIL100/Alg and MIL101/Alg 
The preparation procedure for the MOF powders (i.e., MIL100 and 

MIL101) was based on the reports by Simon et al. [29] and Wang et al. 
[5], respectively. These powders were then used to prepare MIL100/Alg 
and MIL101/Alg hydrogel beads. Briefly, 3 wt% of sodium alginate was 
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stirred for an hour in 50 ◦C water to obtain the clear alginate solution. 
Subsequently, 100 mg of MIL100 or MIL10 and 0.1 wt% of Polysorbate 
20 were added into the alginate solution kept in 50 ◦C under a constant 
stirring for 4 h. Hydrogel beads were formed from the solution mixture 
using the same technique to prepare Alg. The dried hydrogel beads of 
MIL100/Alg and MIL101/Alg have diameter size predominantly 2.4 mm 
(Fig. S2b and c). 

2.2.3. Adsorbent characterization 
Fourier transform infrared (FTIR) spectroscopy analysis was con

ducted using a Shimadzu IRTracer-100, and KBr was used as the back
ground. X-ray diffraction (XRD) pattern of the samples was collected 
using a Bruker D2 Phaser X-ray diffractometer with CuKα radiation. N2 
sorption isotherm was performed using a BEL-Belsorp Max analyzer, and 
the samples were degassed at 423 K for 6 h before analysis. The swelling 
percentage (%swelling) of the materials was measured by immersing the 
dried hydrogel beads for a specific time in the water. The %swelling was 
calculated by using Eq. (1). 

%swelling = 100%+

(
mwet − mdry

mdry
× 100%

)

(1)  

where mwet and mdry are the mass of hydrogel beads after and before 
water immersion. 

2.2.4. Adsorption study 

2.2.4.1. Effect of parameters. The stock Pi solution was prepared by 
dissolving Na2HPO4⋅2H2O in water at 1000 mg Pi/L concentration. A 
series of 10 mL diluted Pi solutions at a concentration of 300 mg/L was 
prepared from the stock solution. The pH of each solution was adjusted 
from 4 to 9 by adding 0.1 M of HCl or NaOH solution. Subsequently, 
adsorbent at a dose of 2.5 g/L was added to the Pi solution and left under 
constant shaking for 8 h at a constant temperature of 30 ◦C. The residual 
Pi concentration was determined by employing a colorimetric procedure 
using a molybdate reagent; the detailed procedure can be found else
where [30]. 

2.2.4.2. Adsorption isotherm. A series of 10 mL Pi solutions at different 
initial concentrations were prepared, i.e., 30 to 600 mg/L. The pH of 
each solution was adjusted to 6. Subsequently, adsorbent at a dose of 2.5 
g/L was added to the Pi solution, and the adsorption was conducted for 
8 h at a specific constant temperature (i.e., 30, 40, and 50 ◦C). The re
sidual Pi concentration was determined by the aforementioned colori
metric procedure. The equilibrium adsorption capacity (Qe, mg/g) is 
calculated according to Eq. (2) 

Qe =
C0 − Ce

m
×V (2)  

where C0 is the initial Pi concentration (mg/L), Ce is the residual 
adsorbate concentration at equilibrium (mg/L), m is the mass of adsor
bent (g), and V is the volume of solution (L). 

2.2.4.3. Adsorption kinetic. A series of 10 mL Pi solutions were prepared 
at an initial concentration of 300 mg/L. Subsequently, the adsorbent was 
added to the Pi solution at a dose of 2.5 g/L. The Pi’s residual concen
tration was measured using the colorimetric procedure at a pre
determined time. The time-dependent adsorption capacity (Qt, mg/g) 
can be calculated using Eq. (2), by replacing the subscript “e” which 
refers to the equilibrium state to “t” which refers to the state at a given 
time. 

2.2.5. Recyclability and Pi release study 
The regeneration of the spent-adsorbent, i.e., adsorbent, which has 

been used for Pi adsorption, was done by immersing the adsorbent in a 
pH 9 solution for 24 h. The regenerated adsorbent was collected, rinsed 

with water, and dried in a 70 ◦C oven overnight. Then, the adsorbent 
was reused for another adsorption process. The desorption-adsorption 
was done in three cycles. In addition, the Pi release study was per
formed by immersing the spent adsorbent in 1000 mL water in a clear 
flask. Then, the flask was put under direct sunlight for 6 h, and the 
amount of Pi released was measured each hour to determine the cu
mulative Pi release. 

2.3. Adsorption modeling 

Isotherm modeling was performed by applying Langmuir, Freund
lich, Frumkin-Fowler-Guggenheim, and Dubinin-Randushkevich [7,31]. 
The Langmuir model has the following mathematical expression: 

Qe =
QL,maxKLCe

1 + KLCe
(3)  

RL =
1

1 + KLC0
(4)  

where QL, max is the maximum adsorption capacity (mg/g), KL is an 
equilibrium constant related to adsorption affinity (L/mg), and RL is a 
dimensionless separation factor. 

The Freundlich model can be expressed as the following mathe
matical expression: 

Qe = KFC1/nF
e (5)  

where KF is an equilibrium constant ((mg/g)(mg/L)− nF), and nF is a 
dimensionless parameter related to the favorability of the adsorption 
process. 

The Frumkin-Fowler-Guggenheim can be employed by following the 
mathematical expression: 

Qe =
QFFGKFFGCeexp( − φ)

1 + QFFGKFFGCeexp( − φ)
(6)  

φ =
2ωθ
RT

=
2ω
RT

Qe

QFFG
(7)  

where QFFG is the maximum adsorption capacity (mg/g), KFFG is an 
equilibrium constant (L/mg), ω is a parameter related to the heat of 
adsorption (kJ/mol), and θ is the fractional coverage. 

The Dubinin-Randushkevich model expresses as follows: 

Qe = QDRexp
(
− BDRε2) (8)  

ε = RTln
(

1+
1

Ce/Cs

)

(9)  

EDR =
1
̅̅̅̅̅̅̅̅̅̅
2BDR

√ (10)  

where QDR is the maximum adsorption capacity (mg/g), BDR is the 
constant related to the energy of adsorption (mol2/kJ2), ε is the constant 
related to the adsorption potential (kJ/mol), R is the gas constant (8.314 
J/mol K), T is the adsorption temperature (K), Cs is the adsorbate sol
ubility (mg/L), and EDR is the adsorption energy (kJ/mol). 

The adsorption kinetic data were modeled using Pseudo-first-order, 
Pseudo-second-order, Elovich, and intra-particle diffusion models 
[32]. The mathematical expression of the Pseudo-first-order and 
Pseudo-second-order models is expressed by Eqs. (11) and (12), 
respectively. 

Qt = Qe,1
(
1 − e− k1 t) (11)  

Qt =
Q2

e,2k2t
1 + Qe,2k2t

(12) 
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where Qe, 1 and Qe, 2 represent the equilibrium amount of Pi uptake (mg/ 
g); k1 and k2 are the adsorption rate constant with the unit of 1/min and 
mg/g min, respectively, and t is the adsorption time (min). 

The Elovich and intra-particle diffusion model is expressed by Eqs. 
(13) and (14), respectively. 

Qt

Qref
= REln

t
tref

+ 1 (13)  

Qt

Qref
= 1 − Ri

(

1 −
t

tref

)1/2

(14)  

where Qref is the adsorption capacity at tref (mg/g); tref is the operating 
time at which the equilibrium condition in the system is reached; in this 
case tref is assumed to be the longest operating time; RE and Ri are 
dimensionless equilibrium parameters used to describe the character
istic of the adsorption profile. 

3. Results and discussion 

3.1. Adsorbent characterization 

3.1.1. N2 sorption isotherm 
Fig. 1 shows the N2 sorption isotherms of MIL100/Alg and MIL101/ 

Alg, the adsorption and desorption isotherms for MIL100 and MIL101 
are provided in Fig. S3b for comparison. The occurrence of adsorption at 
p/p0 ➔ 0 for MIL100 and MIL101 indicates the microporous structure 
[33]. A slit hysteresis loop was observed at p/p0 ~ 0.6 for MIL100 and p/ 
p0 ~ 0.4 for MIL101, indicating the presence of a mesoporous structure. 
The dominancy of the microporous structure for MIL100 and MIL101 is 
also shown from the pore distribution curve in the inset Fig. S3b, where 
the highest peak occurred at pore radius ~ 1 nm. As for the MIL100/Alg 
and MIL101/Alg (Fig. 1), the micropore filling region at p/p0 ➔ 0 was 
smaller, implying the reduced micropore structure for the two materials. 
The appearance of the hysteresis loop starting from p/p0 ~ 0.4 was 
becoming clearer for MIL100/Alg and MIL101/Alg, implying the 
dominance of mesoporous structure. The mesoporosity of MIL100/Alg 
and MIL101/Alg can also be noticed from the pore distribution, which is 
dominated at a radius of 2–18 nm (inset Fig. 1). 

The calculated BET parameters based on the measured N2 sorption 
isotherm are given in the supplementary information Table S1. The 
addition of the Alg matrix that envelops the MOF particles causes a 
decrease in the determined BET surface area (as,BET). In particular, Fe- 
MOF-grafted alginate hydrogels have significantly lower surface areas 
with as,BET of 6.061 and 3.037 m2/g for MIL100/Alg and MIL101/Alg, 
respectively. In contrast, the free MIL100 and MIL101 have as,BET of 

387.8 and 201.8 m2/g, respectively. The low as,BET of MIL100/Alg and 
MIL101/Alg can be attributed to (i) the nonporous nature of Alg and (ii) 
an increase in pore size and/or a decreased number of pores. From the 
determined mean pore diameter (Table S1), MIL100/Alg and MIL101/ 
Alg possess wider pores than MIL100 and MIL101, which consequently 
causes a decrease in the total pore volume and as,BET. 

3.1.2. X-ray diffraction pattern 
The XRD patterns of MIL100/Alg and MIL101/Alg are given in 

Fig. S3a; XRD of the parent compounds, namely MIL100, MIL101, and 
Alg, is also provided for reference. The obtained XRD patterns of MIL100 
and MIL101 are consistent with the reported literature [34,35], indi
cating the successful synthesis of these compounds. For MIL100, the 
diffraction peaks at 2-Theta of 2–5◦ have a slight decrease in intensity, 
which signify the decreased crystallinity. This can be influenced by the 
usage of different solvents for its synthesis [34], where HNO3 solution is 
used instead of HF. The peaks corresponding to guluronic and manur
onic moiety of sodium alginate were weakly observed for Alg, indicating 
the successful crosslinking of the alginate chains. The XRD pattern of 
MIL100/Alg and MIL101/Alg exhibit irregular and broad diffused 
peaks, which show the amorphous structure of the materials. 

3.1.3. Functional groups of the adsorbents 
The FTIR spectra of MIL100/Alg and MIL101/Alg before (fresh) and 

after (used) adsorption are presented in Fig. 2a. The spectra for parent 
compounds are provided in Fig. S4, and the corresponding peak wave
number is summarized in Table S2. Zone I FTIR spectrum, highlighted in 
brown, of all fresh adsorbents can be attributed to v(O–H); the peak 
intensity is reduced in the used adsorbent. Furthermore, for MIL101/ 
Alg, the peak at 3213 cm− 1 disappeared in the used adsorbent spectra. 
The peak alteration in zone I for the adsorbent used can be attributed to 
the attachment of Pi groups on the available O–H groups, which is one 
of the mechanisms that often occurs in the adsorption process of Pi with 
adsorbents having O–H groups [6]. The decrease in intensity for the 
peak related to O–H groups occurred due to the reduced number of 
O–H groups after being substituted with Pi. The zone II peaks indicate 
the presence of carboxylate groups in the adsorbents at ~1600 and ~ 
1400 cm− 1, corresponding to v(C=O) and vs(COO− ), respectively. The v 
(C=O) was detected at a higher wavenumber of 1701 and 1688 cm− 1 for 
the fresh and used MIL101, respectively. At Zone III, the absorption 
peaks corresponding to the δ(O–H) and v(C–O) vibration can be 
detected at ~1300 and ~ 1100 cm− 1, respectively. The absorption peaks 
associated with P-containing groups are also expected to appear within 
this zone [36,37]; thus, the peaks may have overlapped and are indis
tinguishable. Similarly, the absorption peak at Zone V (~800 cm− 1) 
represents the occurrence of δ(C–H) and δ(P–O). Meanwhile, the peak 

Fig. 1. N2 sorption isotherm and the pore size distribution of (a) MIL100/Alg and (b) MIL101/Alg.  
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at zone IV corresponds to the δ(O–H) of the adsorbent, which is 
detected at ~1030 cm− 1. 

3.1.4. Morphology of the adsorbents 
Electron micrographs of MIL100/Alg and MIL101/Alg (Fig. 2b) were 

obtained to observe the adsorbent morphology. The image of unmodi
fied MIL100, MIL101, and Alg is provided in Fig. S4. The MIL100 

Fig. 2. (a) FTIR spectrum and (b) SEM image of MIL100/Alg and MIL101/Alg. The FTIR spectrum was recorded for the fresh adsorbent ( , black dashed line) and 
post-adsorption ( , red solid line). The SEM image and corresponding elemental mapping were provided for the used adsorbent. 

Fig. 3. The effect of operating parameters on the removal efficiency of Pi by MIL100/Alg and MIL101/Alg. (a) The effect of initial adsorbate concentration (C0), (b) 
the effect of contact time, (c) the effect of pH, and (d) the decrease of removal efficiency in the presence of coexisting ions. 
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consists of a large number of particles with a typical octahedron shape, 
while only a small number of octahedron-shaped particles can be 
observed for MIL101. Alg shows a rigid and nonporous surface, which 
indicates the successful gelation of alginate molecules with Fe3+; the 
rigid structure of Alg also can be due to the extended gelation of alginate 
[38]. The surface of MIL100/Alg and MIL101/Alg (Fig. 2b) appears to be 
coarser than Alg (Fig. S4c’), which can be attributed to the change in the 
gelation of Alg due to the addition of MIL100 and MIL101 [24]. The EDX 
elemental mapping of the adsorbent after adsorption revealed the 
presence of P elements on the surface of the adsorbent, which confirmed 
the successful adsorption of Pi. Quantitative EDX analysis results 
(Fig. S5) indicate that the P loadings at MIL100, MIL101, Alg, MIL100/ 
Alg, and MIL101/Alg are approximately 0.20, 0.20, 0.14, 0.44, and 0.29 
% atoms, respectively. The MIL100/Alg and MIL101/Alg composites 
showed a higher P content than their constituting material, indicating 
that the composite materials have improved adsorption affinity or ca
pacity for Pi. 

3.2. Effect of operating parameters on Pi removal efficiency 

3.2.1. Effect of initial adsorbate concentration 
Fig. 3a shows the effect of initial adsorbate concentration (C0) on the 

removal efficiency of Pi by MIL100/Alg and MIL101/Alg; the results for 
the other adsorbents (i.e., MIL100, MIL101, and Alg) were presented in 
Fig. S6. At low C0, the adsorbents can almost completely remove the 
available Pi, but this removal efficiency decreased as the C0 was 
increased. This phenomenon is commonly attributed to the number of 
available adsorption sites for adsorption, especially when a fixed 
amount of adsorbent is added to the system [7]. At low C0, the number of 
available adsorption sites is more than enough to adsorb the available 
adsorbates. At high C0, the number of adsorbate molecules increases 
while the number of adsorption sites remains the same; thus, more 
adsorbate is left unadsorbed. 

3.2.2. Effect of contact time 
At a C0 of 300 mg/L and an adsorbent dose of 2.5 g/L, the removal 

efficiency for Pi by MIL100/Alg and MIL101/Alg increased as adsorp
tion time was increased (Fig. 3b). The data for other adsorbents are 
provided in Fig. S7. Rapid adsorption of Pi occurs in the first 120 min, 
which was marked by a steep increase in removal efficiency. This hap
pens because the adsorption sites of the adsorbent are still vacant so that 
the incoming adsorbate molecules can be instantaneously adsorbed. 
Furthermore, at the beginning of adsorption, the solute concentration in 
the bulk solution is higher than at the adsorbent surface, this concen
tration gradient being the driving force for the adsorption. A gradual 
increase in removal occurred after 120 min, indicating a near- 
equilibrium condition –At this point, the adsorbent is almost satu
rated because adsorbate molecules occupy most adsorption sites. 

Swelling of MIL100/Alg and MIL101/Alg is observed to occur 
together with Pi uptake, which could be correlated with the increase in 
their removal efficiency of Pi. The swelling behavior of MIL100/Alg and 
MIL101/Alg is presented in Supplementary Information Fig. S10. The 
dry composite adsorbents (approximately 2.4 mm in size) showed ~1.4 
times increase in size upon immersion in water. This is due to the water 
absorption ability of the hydrogel, which allows a certain number of 
water molecules to be retained. The Alg can achieve 120 % swellability 
(or 20 % swelling) after 480 min immersion in water. The addition of 
MOF particles allows higher swellability of the hydrogel, that is, 140 % 
and 134 % for MIL100/Alg and MIL101/Alg, respectively. The presence 
of MOF particles might be attributed to the inner pore enlargement, 
allowing more water molecules to be retained. After one day of im
mersion, there was no significant increase in swelling. The material 
could maintain its shape during immersion without breaking, implying 
the good mechanical strength of the adsorbents. The considerable 
swelling of the adsorbent occurred within the first 120 min of immer
sion, which coincided with a substantial increase in Pi uptake. The 

uptake of Pi slows down as the swelling of the adsorbent has reached its 
optimum, i.e., after 120 min. This phenomenon might be attributed to 
the pore expansion of MIL 100/Alg and MIL 101/Alg during swelling, 
which allows Pi to enter the adsorbent and interact with the adsorption 
sites on their internal matrix. 

3.2.3. Effect of initial pH 
Pi is a pH-dependent compound that exists as different anionic spe

cies at different pH, affecting its adsorption behavior. Pi dominantly 
exists as H3PO4 at pH <2, as H2PO4

− at pH 4–6, as HPO4
2− at pH 8–9, and 

dominantly as PO4
3− at highly alkaline pH. The pH effect on Pi removal 

efficiency was evaluated from the batch experiments in the pH range of 
4–9 at C0 of 300 mg/L and adsorbent dose of 2.5 g/L. It is observed that 
the highest Pi removal by MIL100/Alg and MIL101/Alg could be ach
ieved at pH 6 (Fig. 3c); the removal efficiency is low at other pHs. Such 
behavior can be explained by the change in the adsorbent surface 
charge, which is also pH-dependent. The point-of-zero charge (PZC) of 
MIL100/Alg and MIL101/Alg is 6.51 and 6.63, respectively (Fig. S11). 
At pH 6, where the highest uptake of Pi occurred, the surface charge of 
MIL100/Alg and MIL101/Alg tended to be positive as the solution pH 
was below their PZCs. Therefore, the electrostatic attraction occurred 
between the positively charged adsorbent and negatively charged Pi in 
the form of H2PO4

− . At pH >6, MIL100/Alg and MIL101/Alg are nega
tively charged as the solution pH is higher than PZC, resulting in 
repulsive interactions due to the same charge of the adsorbent and 
adsorbate. Furthermore, a high pH would lead to the deprotonation of 
the Alg, which would increase the negativity of the adsorbents. Mean
while, at low pH, Pi molecules in H3PO4 form may still prevail and 
coexist with H2PO4

− , thereby reducing electrostatic interactions [17,39]. 
In addition, it is worth noting that the removal efficiency of Pi by 
MIL100 and MIL101 were relatively constant in the wide pH range of 
5–8, as shown in Supplementary Fig. S8a and b, indicating the low 
sensitivity of MIL100 and MIL 101 to pH variation. 

The uptake of Pi by MIL100/Alg and MIL101/Alg could also be 
affected by the stability of the adsorbent at specific solution pH. The 
stability of MIL100/Alg and MIL101/Alg at a broad pH range was 
evaluated by immersing the adsorbents in a pH-adjusted solution for one 
day. There were no significant color changes in the materials upon im
mersion in solution at pH 4 to 10, implying that the materials were 
stable in this pH range. Meanwhile, at basic pH, the materials were 
found to be dissolved in the solution. The brownish color of the 
hydrogels disappeared upon immersion in pH 2 and 3 solutions 
(Fig. S11f), which can be attributed to the leaching of Fe3+ in an acidic 
environment. Nevertheless, a more detailed study will be required to 
explain this phenomenon. 

3.2.4. Effect of coexisting ions 
The effect of coexisting ions was studied to evaluate the selectivity of 

the adsorbent to Pi because the actual wastewater generally contains a 
mixture of various coexisting ions. The coexisting ions effect on the 
removal efficiency of Pi was studied by adding anions of Cl− , SO4

2− , and 
NO3

− at approximately five- and ten-fold molar levels of Pi (2.1 mM as 
200 mg PO4

3− /L). These anionic ions were chosen as the competing 
adsorbate since Pi exists as an anion in the liquid phase, and it is 
postulated that a similar charge adsorbate caused more significant 
interference in the adsorption process. 

The removal efficiency of Pi by MIL100/Alg and MIL101/Alg was not 
affected in the presence of Cl− , SO4

2− , and NO3
− as competing ions 

(Fig. 3d). Similar behavior was also observed for Alg, MIL100, and 
MIL101 (Fig. S9). The decrease in Pi removal was <10 % in the presence 
of the competitor ions. It was noted that the presence of SO4

2− resulted in 
a slightly higher reduction in efficiency; this could be explained ac
cording to Helfferich’s electro-selectivity concept, where the counter 
ions with higher valence tend to have greater affinity toward the 
adsorbent [39–42]. Ion strength at 20 mM significantly influences Pi 
removal efficiency because the competing ions are present at higher 
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numbers at higher molar concentrations. Nevertheless, the decrease in 
removal efficiency of Pi is still <10 %, indicating the excellent selectivity 
of the adsorbents toward Pi. 

3.3. Adsorption studies 

3.3.1. Adsorption equilibrium isotherm 
The non-linear fittings (using selected isotherm models) on the Pi 

adsorption data onto Alg/Fe-MOF derived adsorbents at a constant 
temperature of 30 ◦C are shown in Fig. 4, and the corresponding pa
rameters of the models are presented in Table 1. The investigated 
adsorption systems show a type L curve based on the classification by 
Giles et al. [43], which is commonly found in the aqueous phase 
adsorption systems. The L-type curve also indicates that the adsorbate 
molecules are adsorbed flat on the surface of the adsorbent. The long 
plateau forming at high Ce (i.e., > 100 mg/L) suggests the absence of the 
intermolecular interaction between the adsorbed molecules, and the 
saturation of the adsorbent has occurred. The steep increase in Qe at low 
Ce (i.e., <100 mg/L) indicates the high affinity of the adsorbate with the 
adsorbents at this stage —The increase of Qe at this stage appears to be 
delayed for MIL100 and MIL101 when compared to MIL100/Alg and 

MIL101/Alg (see Fig. S12), as implied by the less steep increase in Qe. 
This indicates that MIL100 and MIL101 have a lower affinity toward Pi 
than MIL100/Alg and MIL101/Alg. 

Langmuir and Freundlich isotherm models were employed to eval
uate the heterogeneity of the adsorption systems; the two models 
correlate most of the adsorption of water contaminants. In the adsorp
tion of Pi using MIL100/Alg and MIL101/Alg, the Langmuir isotherm 
model was found to fit the adsorption data better than the Freundlich 
isotherm model, as implied by the higher R2 and lower RSS. The suit
ability of the data to the Langmuir model implies a low heterogeneity of 
the adsorption sites. The maximum adsorption capacity of MIL100/Alg 
and MIL101/Alg toward Pi was found to be 103.3 and 109.5 mg/g, 
respectively. The maximum adsorption capacity of MIL100/Alg and 
MIL101/Alg compared with the other Fe-MOFs and alginate adsorbents 
was shown in Table 2, where the adsorbents in this study are found to 
have greater Pi adsorption capacity than most of the reported 
adsorbents. 

The maximum adsorption capacity of the Frumkin-Fowler- 
Guggenheim model (QFFG) was found to perfectly match the Langmuir 
adsorption capacity (QL), which further confirms the suitability of the 
adsorption data to the Langmuir isotherm. The distribution of the heat of 

Fig. 4. Isotherm adsorption data for the uptake of Pi by using MIL100/Alg and MIL101/Alg and the data fitting using the a) Langmuir, b) Freundlich, c) Frumkin, and 
d) Dubinin-Randushkevich model. The adsorption was performed at 30 ◦C, an adsorbent dose of 2.5 g/L, and a pH of 6. 
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adsorption can be evaluated from the ω parameter of the Frumkin- 
Fowler-Guggenheim model. The inset of Fig. 4c shows the heat of 
adsorption (ω) as the function of surface coverage (θ). The value of ω was 
found to decrease with increasing θ, contributing to a decrease in the 
interaction between the adsorbent and adsorbate as the adsorbate 
molecules gradually occupied the adsorption sites. The ω of MIL100/Alg 
and MIL101/Alg was higher than that of other investigated systems (see 
Fig. S12e); this can be ascribed to the increased interaction between the 
adsorbent and adsorbate. The Dubinin-Randushkevich model was 
employed on the adsorption system to predict the sorption behavior. The 
EDR parameter of this model corresponds to the mean free adsorption 
energy. Physical adsorption occurs as the EDR < 8 kJ/mol, and chemical 
adsorption occurs as the EDR shows a value between 8 kJ/mol and 16 kJ/ 

mol [44]. As shown in 1, the investigated systems show EDR values be
tween 8 kJ/mol and 16 kJ/mol, implying the chemisorption tendency of 
the system. 

As previously described, the Langmuir isotherm model shows good 
suitability with the adsorption isotherm data; therefore, the model was 
further used to fit the isotherm data at different temperatures (i.e., 40 
and 50 ◦C). Additionally, the effect of temperature on the Langmuir- 
predicted adsorption capacity (QL,max) of Pi by MIL100/Alg and 
MIL101/Alg was investigated, and the result is provided in Fig. S14. The 
QL,max decreases as the temperature increases, implying the exothermic 
behavior of the system. This phenomenon can be attributed to the 
deprotonation of the adsorbent. Since the hydroxyl and carboxyl func
tional groups of the adsorbent are more readily deprotonated at high 
temperatures [24], the adsorbent becomes more negatively charged, 
resulting in a repulsive interaction between the Pi and the adsorbent. 

3.3.2. Adsorption kinetics 
A kinetic study on the adsorption process was carried out to evaluate 

the adsorption rate and uptake profile of Pi onto the adsorbents. Pseudo- 
first-order and pseudo-second-order models were fitted to the kinetic 
data to predict the mechanism(s) involved in the adsorption process. The 
resulting model parameters from the regression analysis for the kinetic 
data obtained using MIL100/Alg or MIL101/Alg as an adsorbent are 
summarized in Table 3. The resulting fit of the models is presented in 
Fig. 5. Curve fitting results for other adsorbents are provided in Figs. S13 
and Table S4. Of these two models, pseudo-second-order can better 
describe the adsorption kinetics of all adsorbents investigated, with the 

Table 1 
Parameter of Langmuir, Freundlich, Frumkin, and Dubinin-Randushkevich for 
the adsorption of Pi using MIL100/Alg and MIL101/Alg.  

Parameter Type of adsorbent 

MIL100/Alg MIL101/Alg 

Langmuir 
QL,max (mg/g) 103.3 ± 1.9 109.5 ± 3.8 
KL (L/mg) 0.223 ± 0.019 0.218 ± 0.030 
R2 0.989 0.966 
RSS 126.9 422.1  

Freundlich 
KF (mg/g)(mg/L)− nF 37.06 ± 6.72 38.04 ± 7.55 
nF 5.455 ± 1.112 5.365 ± 1.202 
R2 0.757 0.702 
RSS 2718 3714  

Dubinin-Randushkevich 
QDR (mg/g) 101.4 ± 8.3 104.0 ± 1.9 
BDR (mol2/kJ2) × 105 5.780 ± 0.003 6.322 ± 0.004 
EDR (kJ/mol) 12.85 10.18 
R2 0.989 0.990 
RSS 99.37 98.30  

Frumkin 
QFFG (mg/g) 103.3 ± 3.4 109.5 ± 4.3 
φ 0.183 ± 0.001 0.365 ± 0.003 
KFFG (L/mg) 0.185 0.151 
R2 0.987 0.962 
RSS 126.9 422.2  

Table 2 
Comparison of maximum adsorption capacity of Pi using different adsorbents.  

Adsorbent Maximum adsorption capacity (mg 
Pi/g) 

Ref. 

MIL-100(Fe)  93.6 [22] 
MIL-101(Fe)  167.22 [45] 
MIL-101(Fe)  107.70 [23] 
Ce-doped MIL-100(Fe)  12.03 [46] 
NH2-MIL-101  124.38 [23] 
Alginate/Al-containing 

residue  
59.5 [47] 

Alginate/goethite  110.4 [48] 
Ca-alginate beads  1.4 [49] 
Ca-alginate-dolomite beads  28.45 [50] 
Fe-alginate beads  62.92 This 

study 
MIL100  84.01 This 

study 
MIL101  88.48 This 

study 
MIL100/Alg  103.3 This 

study 
MIL101/Alg  109.5 This 

study  

Table 3 
Parameter of Pseudo-first-order, Pseudo-second-order, Elovich, and intra- 
particle diffusion for the adsorption of Pi onto MIL100/Alg and MIL101/Alg.  

Parameter Type of adsorbent 

MIL100/Alg MIL101/Alg 

Pseudo-first-order 
Qe,1 (mg/g) 109.5 ± 3.4 116.3 ± 3.3 
k1 (1/min) 0.026 ± 0.003 0.027 ± 0.003 
R2 0.965 0.971 
RSS 299.0 279.0  

Pseudo-second-order 
Qe,2 (mg/g) 120.1 ± 4.3 130.8 ± 4.8 
k2 (mg/g min) 0.036 ± 0.001 0.037 ± 0.001 
R2 0.998 0.997 
RSS 10.93 3.986  

Elovich 
RE 0.171 ± 0.014 0.167 ± 0.016 
R2 0.984 0.979 
RSS 0.009 0.012 
Zone class. II II  

Intra-particle diffusion (IPD) 
Ri 0.169 ± 0.011 0.170 ± 0.012 
R2 0.956 0.942 
RSS 0.029 0.037 
Zone class. III III  

IPD – First segment 
kp,1 (mg/g min1/2) 11.04 ± 0.92 12.25 ± 1.22 
Ci,1 (mg/g) − 3.039 ± 1.029 − 3.729 ± 0.394 
R2 0.978 0.978 
RSS 33.83 40.36  

IPD – Second segment 
kp,2 (mg/g min1/2) 1.903 ± 0.602 1.795 ± 0.748 
Ci,2 (mg/g) 76.47 ± 3.21 85.51 ± 7.32 
R2 0.917 0.932 
RSS 36.16 25.82  
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coefficient of determination (R2) closer to 1. The better fit of pseudo- 
second-order with the kinetic data indicates that the adsorption pro
cess may involve chemisorption [6,51]. Based on the Pseudo-second- 
order adsorption rate (k2) in Table 3, it can be noted that the addition 
of MIL100 or MIL101 promotes faster phosphate uptake for MIL100/Alg 
or MIL101/Alg compared to Alg alone. The slow adsorption rate of Alg 
can be attributed to its rigid and nonporous structure. Meanwhile, the 
faster adsorption of MIL100/Alg or MIL101/Alg could be due to the 
mesoporous structure (as revealed from the N2 sorption isotherm char
acterization in Fig. 1), enabling the diffusion of the Pi molecules into the 
interior binding sites of the adsorbent, which lead to more efficient 
adsorption. 

Elovich equation was employed in the kinetic data to evaluate the 
adsorption behavior that concurs with the chemical-driven adsorption 
system. The Elovich model fitting of the kinetic adsorption data is given 
in Fig. 5c. According to the value of RE obtained from the non-linear 
regression of (Qt/Qt,ref) vs. (t/tref), all adsorption systems belong to 
zone II of the mildly rising adsorption curve. This behavior is in good 
agreement with most chemical adsorption systems, which also fall into 

zone II [52]. Following the Elovich model criteria of adsorption, a lower 
RE value indicates faster adsorption kinetics in reaching equilibrium. 
MIL100 and MIL101, i.e., 0.152 and 0.171, exhibit more rapid Pi uptake 
than MIL101/Alg, MIL100/Alg, and Alg (0.167, 0.171, and 0.235, 
respectively). The difference in the uptake behavior could be due to the 
nonporous nature of Alg, which prevents the direct interaction of Pi with 
MIL100 and MIL101 particles so that the uptake rate slows down. 

The dimensionless intra-particle diffusion (IPD) model was 
employed to evaluate the initial adsorption behavior of the investigated 
systems; the model fitting is shown in Fig. 5d. Based on the dimen
sionless Ri parameter in Table 3, all systems show a value of 0.5 > Ri >

0.1, belonging to zone III of strong initial adsorption. The linear IPD 
model was fitted on the adsorption kinetic data to predict the initial 
diffusion rate; the model fitting was given as the inset of Fig. 5d and 
Supplementary Information Fig. S11e. All of the adsorbents exhibit two 
linear segments with different slopes. A steep slope was observed for the 
first segment, attributed to instantaneous adsorption on the surface of 
the adsorbent. The positive Ci,1 was observed for MIL100 and MIL101 
(Table S4), suggesting rapid adsorption at the beginning and negligible 

Fig. 5. Kinetic adsorption data for the uptake of Pi by using MIL100/Alg and MIL101/Alg and the data fitting using the (a) Pseudo-first-order, (b) Pseudo-second- 
order, (c) Elovich, and (d) Intra-particle diffusion model. The adsorption was performed at 30 ◦C, C0 of 300 mg/L, an adsorbent dose of 2.5 g/L, and a pH of 6. 
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boundary layer effect [53]. The negative Ci,1 for Alg, MIL100/Alg, and 
MIL101/Alg (Table 3), suggests the non-negligible boundary layer ef
fect; this could be attributed to the nonporous Alg matrix, which 
retarded the IPD. The rate constant of the first segment (kp,1) for 
MIL100/Alg and MIL101/Alg is faster than their single compartment. 
This implies that combining the MIL100 or MIL101 with Alg can pro
mote Pi uptake, which can be associated with increased adsorption sites. 
With a slower rate constant, the second segment could be ascribed to the 
IPD-controlled gradual adsorption step. The kp,2 value shows that the 
rate constants of MIL100/Alg and MIL101/Alg are faster than MIL100 
and MIL101, suggesting a higher adsorption affinity. It can be ascribed 
that the addition of Alg provides additional adsorption sites so that the 
saturation of the adsorbent can be delayed. 

3.3.3. Adsorption mechanism 
MIL100/Alg and MIL101/Alg adsorbents were prepared by 

combining MIL100 and MIL101 particles with Alg, followed by cross
linking using Fe3+ ions, providing MIL100/Alg and MIL101/Alg with 
three possible active sites. The first comes from their mesoporosity with 
uniform distribution of Fe active sites (as revealed from the EDX 
elemental mapping in Fig. 2). The second active sites are derived from 
the addition of MIL100 and MIL101, constructed from the complexation 
of Fe3+ and organic linkers. MIL100 and MIL101 can provide electro
static attraction between positively charged metallic sites and anionic 
species of Pi. Besides electrostatic interaction, Pi can form a covalent 
bond with the metallic cation, inducing the ligand exchange phenomena 
[6,39]. The third adsorption site originated from the –OH group of Alg, 
where another ligand exchange phenomenon may occur [39]. Further
more, the addition of crosslinked Alg aids in enriching the Fe3+ content 
in the adsorbent, as Alg binds the Fe3+ ions along with the crosslinking 
process. Fig. 6 shows the schematic illustration of Pi adsorption using 
MIL100/Alg or MIL101/Alg adsorbent. The presence of coexisting an
ions does not significantly affect the adsorption of Pi; and is, therefore, 
not included in the illustration. The adsorbent swells upon immersion in 
a Pi-containing solution as the water molecules are absorbed along with 
Pi. The swelling of the adsorbent allows Pi to enter the interior of the 
adsorbent and interact with the active sites on the inner matrix, in 
addition to interacting with the active sites on the external surface. As Pi 
collides with the MIL100 or MIL101, the unsaturated –COO− coordi
nated Fe3+ serves as Lewis acid and attracts the lone pair electron of Pi 
via electrostatic attraction [39]. The presence of Fe3+ ions in the matrix 
of Alg also provides electrostatic attraction toward Pi, which further 
facilitates the adsorption. 

3.4. Reusability study 

Reusability is an essential property of an adsorbent which can show 
the cost-effectiveness of the adsorbent through repeated usage. Ac
cording to the study on the effect of pH, the adsorbent has low 
adsorption at pH other than 6; thus, several eluents with different pH 
were used to determine the suitable eluent for regeneration of the ad
sorbents. It was found that ~90 % Pi could be removed by immersing 
used MIL100/Alg or MIL101/Alg in pH 9 solution with no significant 
physical change of the adsorbent; thus, the pH 9 solution was used as the 
adsorbent regeneration medium. The regenerated adsorbent was dried 
and applied for the successive adsorption-desorption cycle of Pi. It can 
be noted that there is no significant decrease in the Pi removal efficiency 
of the regenerated adsorbent after each cycle (Fig. S15a). MIL100/Alg 
and MIL101/Alg could maintain the Pi removal efficiency of >80 % of 
the original Pi removal for the subsequent cycles. This result implies that 
MIL100/Alg and MIL101/Alg can be regenerated and reused for Pi 
removal from the solution. 

Furthermore, a simple Pi release study was carried out to provide an 
idea about the potential application of the spent adsorbent as a new 
atypical Pi source. The Pi-loaded adsorbent is immersed in water and 
placed in direct sunlight; this idea is based on a reported study where a 
polymer containing Fe3+ may undergo photoreduction to Fe2+ when 
exposed to direct (visible) light [54]. Here, we evaluate the possibility of 
releasing Pi during the reduction of Fe3+ to Fe2+. Upon 6 h of sunlight 
exposure, 1.2 to 1.8 mg/L of Pi can be released in the solution (Fig. S15b 
and c); meanwhile, almost no Pi can be released in the absence of 
incident light (data not shown here). Detailed future studies need to be 
conducted to determine the mechanism of Pi release due to this photo
reduction effect. 

In addition, an economic evaluation is carried out to estimate the 
cost required to produce each adsorbent. According to several reported 
economic studies, raw material procurement costs significantly 
contribute to direct operating costs (DOC). In this section, we evaluate 
DOC based on raw material requirements to produce the adsorbents on a 
kilogram-scale according to methods and steps demonstrated on a lab
oratory scale (refer to Section 2.2). The amount and cost of raw mate
rials for sodium alginate, metal salt, organic linker, and solvent required 
for the production of each adsorbent are presented in Table S5. The cost 
evaluation results indicated that the production cost per kg of MIL100 
and MIL101 was ~3 and ~ 5 times higher than that of the MIL100/Alg 
and MIL101/Alg composites, respectively. This further highlights the 
affordability and suitability (in terms of capacity and selectivity) of 

Fig. 6. Schematic illustration of Pi removal by MIL100/Alg or MIL101/Alg adsorbent.  
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using MIL100/Alg and MIL101/Alg for Pi adsorption. 

4. Conclusion 

Fe-containing composite beads, namely MIL100/Alg and MIL101/ 
Alg, have been successfully prepared by incorporating Fe-based MOFs 
(MIL100 or MIL101) into Alginate (Alg). By employing the hard-soft 
acid-base principle as the rationale for designing Pi-attracting adsor
bents, the MIL100/Alg and MIL101/Alg demonstrated adequate selec
tivity toward Pi over anions such as Cl− , SO4

2− , and NO3
− . Combining the 

microporous MIL100 or MIL101 into the nonporous Alg beads caused 
the formation of meso- and microporous structures in the beads, thus 
promoting their capacities. Additionally, the swellability of the Alg 
network accommodates the access of Pi anions to the adsorption sites 
(Fe) in the internal matrix of the adsorbent, where electrostatic attrac
tion and ligand exchange between Pi and the Fe cation may take place. 
The MIL100/Alg and MIL101/Alg showed a high adsorption capacity of 
Pi (103.3 mg/g and 109.5 mg/g, respectively) at an aqueous solution pH 
6, comparable or superior to other previously developed adsorbents. 
These capacities are approximately 1.7- to 1.2-fold higher than single 
adsorbents MIL100, MIL101, and Alg bead. The release of Pi from post- 
adsorption adsorbent can easily be achieved by changing the solution 
pH, thus simplifying the reusability step. Amid 3 adsorption-desorption 
cycles, the adsorbents can maintain >80 % of their maximum capacity 
for Pi uptake. Economic evaluation on the production of beads suggests 
that compositing Alg and MIL100 or MIL101 may reduce the cost burden 
for MILs adsorbent without sacrificing the adsorption ability of the 
material. The possible application of Pi-loaded MIL100/Alg and 
MIL101/Alg as an atypical Pi source has been demonstrated modestly; 
further studies are needed to reveal the mechanism and evaluate the 
influencing parameters. 
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