
Novel Magnetically Interconnected Micro/Macroporous Structure of Monolithic
Porous Carbon Adsorbent Derived from Sodium Alginate and Wasted Black
Liquor and Its Adsorption Performance**

Parichart Onsri1, Decha Dechtrirat2,3,4, Patcharakamon Nooeaid5, Apiluck Eiad-ua6,
Pongsaton Amornpitoksuk1,7, Supanna Techasakul4, Ahmad Taufiq8 and Laemthong Chuenchom1,7,*

1Division of Physical Science, Faculty of Science, Prince of Songkla University, Songkhla, 90112, Thailand
2Department of Materials Science, Faculty of Science, Kasetsart University, Bangkok, 10900, Thailand
3Specialized Center of Rubber and Polymer Materials for Agriculture and Industry (RPM), Faculty of Science, Kasetsart University,
Bangkok, 10900, Thailand
4Laboratory of Organic Synthesis, Chulabhorn Research Institute, Bangkok, 10210, Thailand
5Division of Polymer Materials, Faculty of Agricultural Product Innovation and Technology, Srinakharinwirot University, Nakhon
Nayok, 26120, Thailand
6College of Nanotechnology, King Mongkut’s Institute of Technology Ladkrabang, Bangkok, 10520, Thailand
7Center of Excellence for Innovation in Chemistry, Faculty of Science, Prince of Songkla University, Songkhla, 90112, Thailand
8Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas Negeri Malang, Malang, 65145, Indonesia
*Corresponding Author: Laemthong Chuenchom. Email: laemthong.c@psu.ac.th

Received: 14 August 2020 Accepted: 27 September 2020

ABSTRACT

The novel and facile preparation of magnetically interconnected micro/macroporous structure of monolithic porous
carbon adsorbent (MPCA) were designed and presented herein. The synthesis was achieved via conventional freeze-
drying and pyrolysis processes. In this study, sodium alginate and wasted black liquor were employed as starting pre-
cursors. Sodium alginate acts as a template of materials, whereas black liquor, the wasted product from the paper
industry with plentiful of lignin content and alkaline solution, played an essential role in the reinforcement and acti-
vation of porosity for the resulting materials. Moreover, both the precursors were well dissolved in Fe3+ solution, pro-
viding a simple addition of a magnetic source in a one-pot synthesis. The interconnected micro/macroporous
structures were generated through freeze-drying and, subsequently the pyrolysis process. The obtained cylindrical-
shaped monolithic porous carbon adsorbent (MPCA-700) showed high mechanical stability, a high BET specific sur-
face area (902 m2/g). Such aforementioned features were considered suitable to make the synthesized monolith as an
adsorbent for the removal of heavy metal ions. The maximum adsorption capacity of MPCA-700 towards Pb2+ ions
was 76.34 mg/g at pH 5. The adsorption studies illustrated that adsorption kinetics and isotherm perfectly fitted with
the pseudo-second-order kinetics model and Langmuir isotherm, respectively. This work presents a promising pro-
tocol to reduce the overall costs in the preparation of renewable adsorbents with good adsorption efficiency and
regeneration.

** This paper is an extended and revised article presented at the International Conference on Sustainable Energy and Green Technology 2019 (SEGT
2019) on 11–14 December 2019 in Bangkok, Thailand.
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1 Introduction

Since the industrial revolution, a third of the economic output has possibly come from manufacturing
industries resulting in the economic system of either the developed countries or developing countries [1].
Among industry activities, proper waste management must be concerned [2]. Pb2+ ions are one of the
toxic heavy metals, which is released by various manufacturers such as the plating of metal, production
of batteries, and electronic industries [3]. Its release causes environmental problems and affects the well-
being of both humans and animals. Lead ions can possibly approach the human physique via inspiration,
ingestion, and even skin contact. It may assemble in many organelles such as bones, brain, kidney, and
muscles, severely damaging the body system [4].

In addition, the World Health Organization (WHO) assigns the maximum allowed limit of Pb2+ in potable
water at as low as 0.05 ppm [5]. Therefore, the elimination of Pb2+ ions from the water stream is urgently needed.

Several techniques have been used to remove the Pb2+ ions from aqueous phase, including adsorption
[6,7], precipitation [8], membrane filtration [9], reverse osmosis [10], solvent extraction [11], photochemical
degradation [12], and bioremediation [13]. Among these techniques, adsorption is an economically feasible,
effective technique for removing metal ions [14]. Porous carbon adsorbents with magnetic properties have
conquered synthetic activated carbon because they can easily be separated from the water system by applying
an external magnet [15], resulting in a reduction in time consumption.

Nevertheless, a well-distribution of magnetic iron particles in powdery porous carbons is difficult to control
[16]. Therefore, part of non-magnetic particles could lead to secondary contamination [17]. To overcome this
problem, the magnetic porous carbon materials in a monolithic form are more promising. Furthermore, the
excellent monolithic porous carbon adsorbent (MPCA) should possess a hierarchical manner, consisting of
several pore size ranges. The macroporous structure provides rapid mass transportation of adsorbate to active
sites (mesoporous or microporous structures) of the adsorbent. The fabrication of MPCA with magnetic
properties has been reported in a few publications. Then, the study of the preparation of MPCA with
magnetic properties and interconnected micro/macroporous structure is desirable.

Sodium alginate (NaAlg) is a biopolymer extracted from brown marine algae [18]. Several publications
reported that NaAlg could be fabricated in sponge with macroporous structure via the freeze-drying process
[19]. Although sodium alginate sponges are famous in engineering tissue, only a few reports used them as
carbon-based materials in monolithic form due to their poor mechanical stabilities. Then, the improvement of
mechanical stabilities in NaAlg is challenging. Herein, NaAlg was then selected as a macroporous template.
Moreover, the solubility of NaAlg makes it easy to be mixed with other additives.

In paper manufacturing, there are plentiful amounts of wasted black liquor (WBL) residue from the Kraft
pulping process [20]. Generally, the pretreatment and purification processes are required to extract lignin
contents or other substrates from WBL, which takes extra costs and is time-consuming [21]. Therefore,
adding the value of waste materials with simple steps has become a challenge for practical applications.
WBL is mainly comprised of lignin contents and alkaline additives such as NaOH and KOH. The unique
chemical structure of lignin could improve the robustness of carbon materials during the calcination
process [22]. Also, the presence of alkalis could enhance the porosity and surface area of carbon
materials because they act as activating agents [23]. Since WBL is soluble in aqueous solution, this
results in excellent compatibility between WBL and NaAlg.
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Therefore, in this work, we show that the novel magnetically interconnected micro/macroporous
structure carbon monoliths can easily be fabricated by simple mixing of NaAlg and WBL in Fe3+

solution. The purposed synthesis protocol only undergoes 2 steps; the first process is a freeze-drying
process to generate the macroporous sponge with the assistance of NaAlg, and the latter pyrolysis
converts macroporous sponge into interconnected micro/macroporous structure of monolithic porous
carbon adsorbents (MPCA). The carbon monoliths prepared using the protocol in this research seem to be
promising and renewable adsorbents. This is because the use of such carbon monoliths as adsorbents can
reduce the overall costs of adsorption and regeneration due to their facile operation of the monolithic
adsorbent with high stability. Also, the prepared carbon monolith showed good magnetic separation and
adsorption properties towards lead ions with good mechanical stability and facile regeneration process.

2 Materials and Methods

2.1 Chemicals and Reagents
All of the chemicals were analytical grade. Sodium alginate was purchased from Sigma-Aldrich.

Hydrochloric (HCl, 37%) and sodium chloride (NaOH, 99.0%) were purchased from J.T. Baker. Ferric
chloride hexahydrate (FeCl36H2O, 99.0%) was purchased from Loba Chemie. Lead (II) chloride (PbCl2)
was purchased from Fluka Chemika. Black liquor obtained from the Kraft pulping process of the
Siam Cement Pcl (Thailand) was used without any purifications. Deionized water (DI) was used for
all experiments.

2.2 Preparation of Magnetically Interconnected Micro/Macroporous Structure of MPCA
Firstly, wasted black liquor (WBL), a viscous liquid, was dried at 105°C in an oven. The obtained dried-

wasted black liquor was denoted as d-WBL and kept in the desiccator to prevent the moisture before being
further used. Next, 4.0 g of d-WBL and 4.0 g of NaAlg were dissolved together in 50 ml of iron solution
(prepared by 0.5 g of FeCl36H2O in 50 ml of DI water). The dark-brown viscous mixture was cast into a
cylindrical mold (24-well plate) and stored at –4°C in the refrigerator overnight, and the sample was
freeze-dried at –80°C. Then, the freeze-dried porous sponges were pyrolyzed under N2 gas at a heating
rate of 1°C/min for 1 h at the desired temperature. The pyrolyzed products were rinsed several times with
hot DI water until a neutral pH was reached to remove excess salt products and ashes. The final products
were denoted as MPCA-T, where T represents the pyrolysis temperature. The synthesis procedure of the
magnetically interconnected micro/macroporous structure of MPCA is shown in Sch. 1.

2.3 Characterization Studies
The thermal degradation of the freeze-dried porous sponges was investigated using a Thermogravimetric

Analyzer instrument (TGA, Perkin Elmer, TGA8000). The condition of the experiment was operated under
the N2 atmosphere in the range of 50°C–1000°C of temperature with 5 °C/min of heating rate. The
mechanical properties of the synthesized materials were evaluated in compression mode with a universal
testing machine (Instron 5966, USA).

Scheme 1: Schematic illustration of the preparation of magnetically interconnected micro/macroporous
structure of MPCA-700
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The surface morphology and elemental analysis of MPCA-700 were observed and determined using a
Field Emission Scanning Electron Microscope (FESEM, FEI, Apreo) equipped with Energy-dispersive X-
ray spectroscopy (EDS). Porous analysis of MPCA-700 was carried out by nitrogen sorption
measurements at 77 K using the Surface Area and Porosity Analyzer (Micromeritics, ASAP2460), and
the sample was by degassed at 200°C for 900 min prior to the measurements. The specific surface area
and pore size distribution were examined by Brunauer-Emmett-Teller (BET) and Density Functional
Theories (DFT), respectively.

Phase identifications of crystalline and non-crystalline on MPCA-700 were collected on an X-Ray
Diffractometer (XRD, Philips, X’Pert MPD) with Cu Kα radiation source (λ = 0.154 nm). The
magnetization value of MPCA-700 was assessed by a vibrating sample magnetometer (VSM, Lakeshore)
at 298 K. Chemical compositions and chemical bonding of materials were identified using X-ray
photoelectron spectroscopy technique (XPS, Kratos Analytical Ltd., AXIS Ultra DLD). Surface functional
groups of MPCA-700 were obtained from Fourier-transform infrared spectroscopy analysis (FTIR,
Bruker, VERTEX70).

2.4 Stability of Magnetically Interconnected Micro/Macroporous Structure of Monolithic Porous Carbon

Adsorbent Monolith against Acid Leaching
The magnetic stabilities of MPCA-700 were investigated by using 0.03 g of MPCA-700 in 20 mL of

0.01 M NaCl solution set in a shaker incubator (Model TOL09-FTSH-01, SCIFINETECH), with 200 rpm
at room temperature (RT) (30 ± 2°C) for 24 h. The initial pH of NaCl was adjusted in the range of 2–
7 using 0.1 M NaOH and 0.1 M HCl. The total concentration of Fe ions, which was leached from the
monolith, was examined with an Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES,
PerkinElmer, Avio500).

2.5 Batch Adsorption Studies
Batch adsorption studies were performed for evaluation of the adsorption capacity of MPCA-

700 towards Pb2+ ions. 0.03 g of MPCA-700 was used as a selected adsorbent in all experiments. The
effect of initial pH on adsorption ability was carried out in 100 mg/L of Pb2+ solution ranging from pH
3 to 5 adjusted by 0.1 M HCl and 0.1 M NaOH for 24 h. After the adsorption equilibrium was reached,
MPCA-700 was separated from the system by using an external magnet. The concentrations of Pb2+ ions
in solution before and after adsorption were diagnosed using the calibration method with ICP-OES.

For kinetic studies, MPCA-700 was shaken in 200 mL of 100 ppm Pb2+ solution (pH 5) set in a shaker
incubator, with 150 rpm at RT. Then, 0.5 mL of adsorbate solutions were withdrawn from the solution at
desired time intervals and then subject to measurements of concentrations. The adsorption capacity at pre-
determined time intervals, qt (mg/g) of MPCA-700 toward Pb2+ ions was calculated using Eq. (1):

qt ¼ V C0 � Ctð Þ
m

(1)

where C0 and Ct are the initial concentration and concentration at pre-determined time intervals (t) of Pb2+

ions (mg/L), respectively. V is Pb2+ solution volume (L), and m is MPCA-700 weight (g).

For adsorption isotherm studies at equilibrium, experiment conditions were similarly performed for
kinetic studies. Initial concentrations of 100 ml of Pb2+ ions were adjusted in the range of 100–500 mg/L
(pH 5) for 24 h. The equilibrium adsorption capacity (qe, mg/g) of Pb2+ on MPCA-700 was calculated
using Eq. (2):
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qe ¼ V C0 � Ceð Þ
m

(2)

where Ce is the equilibrium concentrations of Pb2+ (mg/L).

2.6 Desorption Studies and Recyclability
The recyclability of MPCA-700 was studied with 25 ml of 25 ppm Pb2+ ions for 24 h at RT. After the

adsorption process, the simple desorption of Pb2+ ions from the adsorbed MPCA-700 was carried out by
immersing and shaking the monolith in 25 mL of 0.001 M HNO3 (pH 3), for 24 h. Then, MPCA-
700 was washed with DI water and dried in an oven at 100°C overnight. The dried sample was applied in
the next adsorption-desorption cycles for 5 consecutive runs with the same volume and concentration for
both adsorption and desorption as in the first cycle. The released amount of Pb2+ ions in each cycle was
used to calculate %desorption according to Eq. (3):

%desorption ¼ released concentration of Pb2þfrom MPCA‐700 in each cycle

amount of Pb2þ ions adsorbed in MPCA‐700 in each cycle
� 100 (3)

3 Results and Discussion

3.1 Characterizations of Magnetically Interconnected Micro/Macroporous Structure of MPCA
The first step of the preparation process of MPCA-T was based on the freeze-drying process. The

principle of using the freeze-drying was to generate ice crystals, which acted as a template for
macropores. By considering the fact that all the starting compositions in our system (WBL, NaAlg, Fe3+

ions) were well soluble in water, the homogeneous dark-brown viscous mixture was then obtained.
However, it was found that this mixture always stayed fluid and never became completely solidified even
after 2 h under ambient conditions (no wet gel obtained). This behavior indicated that the starting
chemicals did not completely crosslink at RT. For this reason, the freeze-drying was then performed to
well distribute the ice crystals throughout the monolith, as well as to prevent the macropores from being
collapsed. The hot-drying process around 100°C was also attempted, but the sample became flat, and
only a flat sheet at the bottom of the mold could be obtained. This result stresses the importance of the
freeze-drying to keep the monolithic shape and pore texture intact.

After the freeze-drying, a stable freeze-dried porous sponge could be obtained. Since the freeze-dried
sponge was not completely cross-linked, the sponge became wet and redissolved when exposed to the
liquid water or ethanol. These observations found in this step provide evidence that, in contrast to simple
hot-drying or solvent exchange processes in the conventional synthesis of resorcinol-formaldehyde-based
porous carbon monoliths [24,25]. The cross-linking of the obtained MPCA was achieved upon the
pyrolysis, resulting in a rigid carbon monolith.

The temperature condition of the pyrolysis process had a direct influence on the mechanical stability of
the MPCA. MPCA-800 was in an irregular shape and fragile due to the collapse of the porous structure upon
high-temperature pyrolysis. In contrast, the primitive shape of MPCA-700 could be retained (Sch. 1) and
exhibited strong mechanical stability (Fig. 1A). The plot of compressive stress as a function of strain on
MPCA-700 was more than six times higher than freeze-dried porous sponges at 20% strain because the
heating temperature could generate the condensed structure and the crosslinking of carbon precursors.
The smooth curve of the freeze-dried porous sponge represented the homogeneity of macropore sizes
after the freeze-drying process. However, after the pyrolysis process, the roughness of the MPCA-
700 curve was observed, implying the different sizes of porous structures. The thermal degradation of the
freeze-dried porous sponge was investigated with TGA/DTG, and the result is shown in Fig. 1B. There
are two main degradation steps; the first step was the removal of humidity on the freeze-dried porous
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sponge at a temperature lower than 150°C and the second step occurred during 150°C–800°C related to the
degradation of NaAlg and WBL precursor [19]. The sharp peak in the DTG profile at the first degradation
step resulted from the loss of a high amount of hydroxyl groups in the NaAlg and lignin contents. Also, the
activating agents such as NaOH and KOH in WBL provide a hygroscopic phenomenon, which is sensitive to
trapping the humidity.

The photograph of the prepared materials before and after pyrolysis at 700°C is shown in Fig. 2A. The
shrinkage of the porous carbon materials upon the pyrolysis process was commonly observed, in agreement
with weight loss from the TGA results. However, the prepared materials in this study had only 30% volume
shrinkage; as a result of the benefit of the lignin-containing in WBL. Previous studies have confirmed that
lignin-containing precursors could stand high temperatures with low weight loss due to its condensed
aromatic units, which was attractive to be used as a precursor to synthesize carbon fibers [26].

The pore morphology of MPCA-700 was studied using the FESEM technique, and the FESEM results
are shown in Figs. 2B and 2C. The pore texture of MPCA-700 comprised large macropores interconnected
with small macropores associated with the roughness of the compressive stress-strain curve in Fig. 1A. The
distribution of elements on the prepared sample was evaluated by EDS-mapping shown in Fig. 2D. The
results showed that iron particles were regularly dispersed throughout the sample. The good distribution
of iron particles resulted from the excellent compatibility between NaAlg, WBL, and iron solution.

Pore textures of MPCA-700 were studied by N2 sorption experiments. The result of N2 adsorption-
desorption isotherm of MPCA-700 in Fig. 3A revealed the type I isotherm, classified as micropores (size
< 2 nm). The inset figure displays the pore size distribution of MPCA-700 calculated by the DFT
method. The sharp maximum pore size distribution is located at 1.20 nm, revealing the sample contained
dominant pore sizes of micropores. However, the isotherm shows a hysteresis loop, indicating that the
sample might contain a slight degree of mesopore fractions. The high BET specific surface area of
902 m2/g of MPCA-700 could be generated by NaOH/KOH in WBL, and Fe3+ ions acted as activating
agents at high temperature [27].

The elemental and chemical composition of MPCA-700 was also analyzed by using the XPS technique.
From Fig. 3B, the wide scan provided the details of the elemental composition composed of C 1s, O 1s, Fe
2p, Si 2p, Na 1s, Ca 2p, and K 2p, and the values of chemical compositions are exhibited in Tab. 1. The iron

Figure 1: (A) The plot of compressive stress as a function of strain onMPCA-700 compared with the freeze-
dried porous sponge and (B) TGA/DTG profiles of the freeze-dried porous sponge
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content is as high as 25.98%, indicating the excellent diffusion of Fe3+ ions in the mixing solution. The
presence of inorganic elements, for instance, Si, Ca, and K was undoubtedly from WBL. The relatively
high content of oxygen was, as a result, high oxygen in NaAlg precursor.

Figure 2: (A) A digital photo of the freeze-dried porous sponge and MPCA-700, (B) FESEM image of the
surface of MPCA-700 at a magnification of 3500×, (C) FESEM image of the cross-section of MPCA-700 at a
magnification of 3500×, and (D) EDS-mapping of MPCA-700

Figure 3: N2 sorption isotherm of MPCA-700 and the inset figure exhibited the pore size distribution of
MPCA-700 and B: wide scan XPS spectrum of MPCA-700
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Phase identification of MPCA-700 was studied by using the XRD technique. XRD pattern in Fig. 4A
reveals 3 sharp diffraction peaks as a result of the existence of the metallic iron phase (ICDD file no. 00-
006-0696) at 2θ values of 44.67°, 65.02°, and 82.33° regarding (110), (200) and (211) facets,
respectively. Besides, the broad peak at 2θ values of 26.2° and 43° associated with (002) and (100)
planes, respectively, exhibited the existence of turbostratic carbon. The metallic iron phase contained in
MPCA-700 made this material possesses a saturation magnetization of 8.8 emu/g (Fig. 4B), enough for
easy separation from the aqueous phase using an external magnet (inset in Fig. 4B). Moreover, the inset
picture displays that the high magnetic stability of MPCA-700 could be retained, as confirmed by the
strong attraction by an external magnet even after the complete adsorption over 24 h.

Although the prepared MPCA-700 in our study had an iron content of 25.98% from XPS analysis, its
saturated magnetization was found to be lower than those of the others in Tab. 3. In general, there are several
factors affecting the magnetization, such as the phase of iron species, number of iron particles, particle size of
the iron particles, and the matrix compositions, as well as how the measurements are performed. The phase of
iron species could be used to explain why MPCA-700 had a low value in the saturated magnetization, even
though it contained high iron content. According to Tab. 3, all the adsorbents in other works containing the
magnetite (Fe3O4) phase showed higher saturated magnetization compared to the ferrite (Fe0) phase in our
study [27–31]. However, the preparation method in this study is a simple one-pot synthesis without the
preparation of preformed Fe3O4, significantly reducing the time consumption and chemicals.

3.2 Batch Adsorption Studies: Effect of pH, Kinetics, and Adsorption Capacity
The high magnetic stability of iron-containing-based magnetic porous carbons against a change in pH

variation is necessary. This is because when the iron containing-based magnetic adsorbents are applied in

Table 1: The detail of the chemical compositions of MPCA-700

Sample Chemical compositions (%)

C 1s O 1s Fe 2p Si 2p Na 1s Ca 2p K 2p

MPCA-700 43.30 21.31 25.98 4.81 2.87 1.42 0.32

Figure 4: (A) XRD pattern, and (B) Magnetic hysteresis loops of MPCA-700, inset in B shows the magnetic
stability of the sample before and after adsorption, being attracted using a magnet
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practical adsorption conditions, the secondary contamination from iron leaching should be avoided. Fig. 5A
reveals that iron species in MPCA-700 can be leached under the strong acid condition at pH 2 with 32.38 mg/
L. However, the prepared adsorbent has high magnetic stability in the range of pH 3–7. In this study, the
influence of initial pH on equilibrium adsorption capacity towards Pb2+ was operated in the range pH 3–
5 because the lead solution can be precipitated into lead hydroxides under alkaline solution (pH ≥ 6) [32].
The result indicates that the highest adsorption performance of MPCA-700 towards Pb2+ ions was achieved
at pH 5, with an adsorption capacity of 62.71 mg/g. This behavior could be explained by the surface charge
of MPCA-700 measured by zeta potential (Fig. 5B). It is clear that the surface charge of MPCA-700 at pH
5 is the least positive charge over the range of adsorption experiments, which provides more attractive
interactions between adsorbent surfaces and Pb2+ ions. Therefore, ionic interactions are one of the dominant
factors associating to the removal of Pb2+ by MPCA-700. Besides the ionic interactions, adsorption affinities
can possibly occur through other interactions, such as pore-filling effect, and ion exchange. The pore-filling
effect is typically present for adsorbents with high surface area and pore volume [33].

The effect of contact time on Pb2+ ions adsorption ability by MPCA-700 was studied, and the results are
shown in Fig. 6A. It is clearly seen that at the initial stage, the adsorption of MPCA-700 was significantly
rapid due to unoccupied adsorption sites and reached the adsorption equilibrium in 250 min. To assess the
adsorption kinetics, the adsorption data were conformed with the models of non-linear equations of pseudo-
first-order and pseudo-second-order, as displayed in Tab. 2. The assumption of the pseudo-first-order model
involves the adsorption rate of the solute related to the saturation concentration and the sorbent content
changes to the exposure time. For the pseudo-second-order kinetic model, it represents that the chemical
adsorption slows down the reaction speed and controls the adsorption processes [34]. In this study, the
determination coefficient (R2) of 0.9993 suggested that the adsorption kinetics of MPCA-700 fits the
pseudo-second-order model, indicating that the adsorption occurs on the localized sites without
interactions between adsorbates [34]. Moreover, qe values from experimental and calculated are
indistinguishable (145 and 147.06 mg/g, respectively). In general, the powdery adsorbents have shown
fast adsorption kinetics due to the abundant open pores on the small particles in micrometer-down to
nanometer-sizes, allowing the rapid adsorption contact with the adsorbate molecules [35]. Notably,
although MPCA-700 is in a monolith shape, the relatively fast kinetic rate (k = 3.07 × 10−4 g mg−1

min−1) was achieved, indicating that the interconnected macroporous structures provided the rapid mass

Figure 5: (A) The stabilities against acid conditions and the influence of initial pH on adsorption capacity,
and (B) Zeta potential plot of MPCA-700
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transportation of Pb2+ ions into the adsorptive sites. Interestingly, the adsorption rate of MPCA-700 is
equally or comparatively as high as those of magnetically powdery porous carbons in other works (Tab. 3).

Figure 6: (A) Effect of contact time on Pb2+ ions adsorption by MPCA-700, (B) Two slopes of the
intraparticle diffusion plot of MPCA-700 for Pb2+ ions removal, and (C) FT-IR spectra of MPCA-
700 before and after adsorption

Table 2: Fitted parameters in adsorption studies of MPCA-700

Models and Parameters Pb2+

Adsorption kinetics

Pseudo first order qe(cal) (mg/g) qe(exp) (mg/g) K (min–1) R2

59.36 145 6.5 × 10−4 0.8814

Pseudo second order qe(cal) (mg/g) qe(exp) (mg/g) K (g mg−1 min−1) R2

147.06 145 3.07 × 10−4 0.9993
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The intra-particle diffusion model was used to study the adsorption mechanisms in detail. Fig. 6B
reveals the plot between adsorption capacity at different periods (qt, mg/g) and t1/2 (min1/2). The two
slopes of the linear line were seen, indicating two physical processes controlled the adsorption rate. At
the time of 0–60 min, there was a high value of kid = 9.567 mg g−1 min−1, implying the process of rapid
film adsorption. The following process occurred during 120–800 min, involving the process of the intra-
particle diffusion with the slow kid of 1.545 mg g−1 min−1, which is the rate-limiting step.

FT-IR spectra of MPCA-700 before and after the adsorption experiment in Fig. 7C could further explain
the interactions between adsorbent and adsorbate. Several oxygen-related functional groups promote a
possibility to share or exchange electrons with Pb2+ ions, resulting in a slight shift of wavenumbers of
functional groups, including –OH stretching, CH2 stretching, C=O, and C–O after adsorption experiments [3].

To investigate the equilibrium adsorption isotherm, the experiments were performed similarly to kinetics
study by varies the initial concentrations of 100 ml Pb2+ ions in the range of 100–500 mg/L (pH 5) for 24 h.
Langmuir’s and Freundlich’s isotherm were used as adsorption models (Tab. 3). The collected data of

Table 2 (continued).

Models and Parameters Pb2+

Intra-particle diffusion kid (mg g−1 min−1) X R2

at 0–60 min 9.567 34.54 0.9920

at 120–800 min 1.545 101.35 0.9486

Adsorption isotherm

Langmuir qm (mg/g) kL (L/mg) R2

76.34 0.22 0.9997

Freundlich kF 1/n R2

47.33 0.0815 0.9348

Figure 7: Plot showing %removal and %desorption of Pb2+ ions by MPCA-700 in each cycle (initial
concentration; 25 ppm, volume; 25 mL and time; 24 h)
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MPCA-700 agrees with the Langmuir adsorption model (R2 = 0.9997), suggesting the adsorption occurred in
a monolayer formation. The calculated maximum adsorption capacity (qm) is 76.34 mg/g, comparable to
those of other magnetic powdery porous adsorbents (Tab. 3).

3.3 Desorption Studies and Recyclability
To investigate the renewable recyclability of our monolith adsorbent, the desorption studies were

performed using 0.001 HNO3 as an eluent. The desorption conditions employed here are considered milder
(pH 3) than those used in other works [28,30,36,37]. The desorption conditions employed in the present
work showed no severe destruction of the porous structures and magnetic properties. Our desorption
conditions were chosen based on the results of the pH effect on adsorption performance in Fig. 5A,
associating to the reverse pH effect at pH 3 of materials. The decrease in adsorption capacity on the
following adsorption-desorption cycles occurred since the incomplete removal of Pb2+ ions on the MPCA-
700. This resulted in some adsorption sites still being occupied by the adsorbed lead ions. When such
adsorption sites were occupied, the number of available adsorption sites of the next cycle was then reduced.

Although %desorption of Pb2+ ions in the first cycle was lower than 100% (Fig. 7), adsorption sites on
the adsorbent were still available to host the Pb2+ ions in the following cycles.

The %desorption remained steady after the third cycle, which probably resulted from pore filling effect
of the adsorbent, and this has been generally observed in the adsorption of heavy metal and organic pollutants
by carbonaceous materials [33,38,39]. From the results of the pH effect on adsorption performance (Fig. 5A)
and the %desorption (Fig. 7), it can be claimed that the possible adsorption mechanism of Pb2+ ions on the
MPCA-700 involved both chemical and physical adsorption (pore filling effect) [33]. The interconnected
micro/macroporous structures of MPCA-700 provided the acceptable reusability of MPCA-700 of
65.48% even after five cycles. This recyclability of the MPCA-700 can be comparable to other magnetic
powder adsorbents (Tab. 3). Moreover, its magnetic properties and monolithic shape were still
maintained. The reusability of this material through the mild regeneration conditions promisingly reduces
the overall costs of the adsorption process. Furthermore, the stable monolithic feature makes MPCA-
700 a candidate for the adsorption process in practical applications due to its easy operation, unlike the
powdery adsorbents.

Table 3: Comparison of adsorption efficiency of Pb2+ removal by magnetic carbon adsorbents prepared by
different synthesis methods

Adsorbents Methods SBET
[m2/
g]

qm
[mg/
g]

Conditions k[g
mg–1

min−1]

Magnetization
[emu/g]

No. of
recycles
(eluent)

Ref.

Fe3O4

NPs@AC@C4H8SO3H
(powder)

Modified
activated
carbon

– 93.45 pH 5.5
T(K) 298
q0 = 25 ppm
Equilibrium
time 10 min

6.0 ×
10–2

12 5
(0.1M HCl,
pH 1)

[28]

Nanocarbon (powder) Silica
template

431 66.2 pH 6–7
T(K) 298

– 50.67 Not reported [29]

FMBC
(powder)

Pyrolysis
and KMnO4

activation

137 148 pH > 2.5–4
q0 = 400 ppm
Equilibrium
time 600 min

3.67 ×
10–2

11.5 4
(1 M
CH3COONa,
(pH 2.4)

[30]
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4 Conclusion

The novel interconnected micro/macroporous structure of monolithic porous carbon adsorbent (MPCA)
was achieved by using NaAlg and WBL as renewable precursors in an iron solution. The freeze-drying
process generated the homogenous macroporous structure, and the subsequent pyrolysis process resulted
in the interconnected micro/macroporous structure. MPCA-700 had high mechanical and magnetic
stabilities. The high BET specific surface area and suitable micropore size (902 m2/g and 1.20 nm,
respectively) of MPCA-700 significantly facilitated the adsorption performance towards Pb2+ ions. The
method of preparation of interconnected micro/macroporous structure of MPCA developed in this study
tends to be further developed for large-scale production. The MPCA with magnetic properties can
potentially be applied in the adsorption of other hazardous contaminations, as catalyst supports, and used
in electrochemical storage devices.
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Table 3 (continued).

Adsorbents Methods SBET
[m2/
g]

qm
[mg/
g]

Conditions k[g
mg–1

min−1]

Magnetization
[emu/g]

No. of
recycles
(eluent)

Ref.

Oak powder/
Fe3O4

(powder)

Precipitation – 54.94 pH 6
T(K) 298
q0 = 10 ppm
Equilibrium
time 50 min

5.7 ×
10–2

38.45 Not reported [31]

CCM 8000
(monolith)

Dip coating 469.8 71.95 pH 5
T(K) 303
q0 = 250 ppm
Equilibrium
time 500 min

10.18
× 10–3

– Not reported [40]

MPCA-700
(monolith)

Freeze-
drying and
pyrolysis

902 76.34 pH 5
T(K) 303
q0 = 200 ppm
Equilibrium
time 200 min

3.07 ×
10–4

8.8 5
(0.001 M
HNO3, pH 3)

This
work
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