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ABSTRACT 

Large-scale environmental remediation of polluted water requires an effective and recyclable 

adsorbent produced from an abundant, low-cost, and renewable feedstock via a simple processing 

procedure. In this work, we demonstrate that lignin-derived magnetic activated carbons (mACs) 

uniquely satisfy these five criteria for (i) high-performance adsorption, (ii) high regeneration 

efficiency, (iii) feedstock economic and environmental viability, (iv) single-step processing and 

(v) large-scale production. The mACs are synthesized via an efficient co-carbonization and 

activation with simultaneous impregnation of ferric sulfate. The Langmuir model closely fits the 

adsorption of methylene blue (MB) by mACs within the temperature range of 298–323 K, where 

the adsorption capacity increases as temperature increases. This capacity increased from 55.0 mg 

g-1 to 220.2 mg g-1 with the presence of magnetic nanoparticles. In addition, the magnetite 

nanoparticles on the ACs surface significantly improve its recycling ability with the removal 

percentage above 95% after four cycles for 5:1 mAC. 
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1. INTRODUCTION 

Dyes produced via industrial activities have become one of the most severe water pollutants 

and cause environmental concerns. With the increasing need for ecologic protection and 

sustainable development, water purification has been a critical technique to address this pollution 

problem. Various ways, including membrane separation,1 photocatalysis,2, 3 biodegradation4, and 

adsorption5, have been applied in this field. Among these, adsorption offers a practical and low-

cost approach.5-7 Activated carbon materials (ACs) are widely used as adsorbents for many organic 

and inorganic environmental pollutants industrially as they possess high surface area, low cost, 

and high surface reactivity.8, 9 After use, the carbon adsorbents are hard to collect and recycle. 

However, magnetic activated carbon composites offer a potential efficient solution. Compared 

with conventional carbon adsorbents, magnetizing the adsorbents allows for easy separation from 

the solutions via an external magnetic field to collect and recycle multiple times. Decorating 

absorbent surfaces with magnetic nanoparticles significantly improve the adsorption performance 

by enhancing the electrostatic interaction between metal oxides and organic pollutants.10, 11 

Magnetic carbon composites have been synthesized from various precursors, such as 

coconut,12 graphene oxide,13 carbon nanotubes,14 peanut shell,15 cotton woven,16 citrus limetta 

peels,17 and so on.18 In addition to the choice of feedstock, the synthesis method is also a significant 

factor in the cost and efficiency of producing mAC for large-scale applications. Co-precipitation 

and hydrothermal synthesis are the most used methods to decorate magnetite onto carbon 

composites.19-22 However, for most of the previous work, additional steps are involved, which 

increases the complexity and cost. Wang et al.13 used a mixture of FeCl3 and graphene oxide as 

precursors and heated in an autoclave for 6 hrs, achieving a maximum adsorption capacity of 65.79 

mg g−1 for methylene blue (MB). Yu et al.14 performed one-pot oxidation of multi-walled carbon 
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nanotubes (MWCNTs) and Fe catalyst particles, yielding magnetic MWCNTs with maximum 

adsorption capacities of 227.05, 138.04, 63.34, 249.44, and 105.59 mg g-1 for ethylbenzene, m-

xylene, o-xylene, p-xylene, and toluene, respectively. Liu et al. produced Fe3O4/AC composites 

via diol thermal decomposition for rhodamine B (RhB) and methyl orange (MO) adsorption. They 

doped AC by reacting Fe(acetylacetonate)3 in benzyl alcohol at N2 atmosphere to yield Fe3O4/AC. 

The maximum adsorption capacities of 182.48 and 150.35 mg g−1 for RhB and MO, respectively, 

for the composite.8   

Lignin is an attractive feedstock for carbon materials because it is low-cost, renewable, and 

available in abundant quantities. Lignin is produced at a scale of 50-70 million tons annually as a 

byproduct of pulp and paper production.23, 24 Work has demonstrated converting lignin into high-

value carbon materials with varying functional linkages controlled by feedstock and processing.25-

28 García-Mateos et al.29 used lignin as a precursor to develop carbon fibers via electrospinning 

and applied as free-standing electrodes for supercapacitors. Wang et al.30 conducted chemical 

activation with apricot shell lignin as a precursor and investigated the textural properties of the 

developed activated carbons. Zhou et al.31 adopted Kraft lignin as a precursor and conducted 

chemical activation to develop activated carbons for electrochemical energy storage. Wen et al.32 

adopted Kraft lignin as a carbon source to develop magnetic bio-activated carbons for phosphorus 

removal and achieved maximum adsorption capacity of 69.80 mg-P/g. Ma et al.33 prepared 

magnetic lignin-based carbon nanoparticles for methylene orange adsorption with a maximum 

adsorption capacity of 113.0 mg g-1.  

Within the above scope, we employ Kraft lignin (KL) as the carbon source and ferric sulfate 

as the precursor for mACs applied co-carbonization and activation. This concurrent synthetic route 

allows the synthesis of magnetic nanoparticles on carbon to occur simultaneously with activation. 
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The iron serves both as a catalyst for AC formation and a precursor for active magnetic sites. Based 

on previous work,34 lignin-based ACs primarily contain a complex microporous structure that 

limits accessibility to ions.26, 35, 36 With the impregnation of iron into lignin, surface area and 

mesopore fraction are greatly improved, thus increasing the porous accessibility toward molecular 

adsorption in the liquid phase. The adsorption performance of mACs is evaluated by MB dye. The 

introduction of magnetite nanoparticles on the mACs leads to improved adsorption capacity and 

benefits the ease of recovery.  We demonstrate that lignin-derived mACs are high-performance 

adsorbents synthesized from an economically and environmentally viable feedstock synthesized 

via a single-step manufacturing process. 

 

2. EXPERIMENTAL SECTION 

2.1. Preparation of mACs adsorbent.  

The mAC was produced from commercial Kraft lignin (Indulin AT, Ingevity; Charleston, 

SC) (KL). The ferric sulfate was purchased from MP Biomedicals (Solon, OH). The mACs were 

synthesized by impregnating KL with ferric sulfate at different mass ratios (5:1, 10:1, and 20:1 

KL:ferric sulfate) in the ceramic boat. The precursor was carbonized at 800°C with nitrogen flow 

for 1 hour in the tube furnace. Without removal from the furnace, the carbonized magnetic carbons 

were exposed to steam activation (with the absolute humidity ~ 19 g m-3) at 800°C for 30 min, as 

shown in Figure 1. The produced samples were ball-milled (PM100 RETSCH) at 400 revolutions 

per minute for 30 min to obtain powder mAC samples. 
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Figure 1. Schematic of mACs preparation via carbonization and activation of kraft lignin and 

ferric sulfate. 

2.2. Materials characterization.  

X-ray diffraction (XRD) spectra were collected on an Empyrean diffractometer (Panalytical) 

with Cu − K𝛼𝛼  radiation. The morphology and elemental mapping images were obtained by 

scanning electron microscopy (SEM) (Zeiss, EVO MA15) and energy dispersive x-ray 

spectroscopy (EDS) (Bruker xFlash 6130) at a magnification of 2,000 respectively. X-ray 

photoelectron spectroscopy (XPS) was conducted using a Kratos AXIS Ultra DLD XPS system, 

equipped with a hemispherical energy analyzer and a monochromatic Al Kα source, operated at 

15 keV and 150 W. The pass energy was fixed at 40 eV for the high-resolution scans and 160 eV 

for survey scans. Carbon C1s peak at 248.8 eV was used as a reference for charge correction. The 

porous structures of samples were evaluated via N2 adsorption isotherms measured by a TriStar 

3000 volumetric adsorption analyzer (Micromeritics Instrument Corp.). Specific surface areas 

(SBET) were calculated based on Brunauer-Emmett-Teller (BET) equation, and pore volumes were 

derived by the Barrett-Joyner-Halenda (BJH) equation. Sample pore size distribution was 

determined by density function theory (DFT) calculations. The magnetic properties of the samples 

were measured with a SQUID vibrating sample magnometer (Quantum Design, Inc). Zeta 

potential measurements were measured at various solution pH values with the sample 

concentration at 1 mg ml-1 using a Malvern Zetasizer.  

2.3. Liquid-phase adsorption evaluation.  

MB (Sigma) solutions were prepared with different concentrations (from 100 – 1200 mg 

L-1) by mixing in an ultrasonic bath for 24 hrs at room temperature. The concentration of MB 

solutions was measured by ultraviolet-visible (UV-vis) spectroscopy (Thermo Scientific) at 665 
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nm. First, a calibration curve was obtained from a series of dye solutions of known dye 

concentration, as shown below:  

𝑦𝑦 =  0.157 ∗ 𝑥𝑥 + 0.001              (1) 

where 𝑥𝑥 (mg L-1) is concentration, and 𝑦𝑦 is the adsorption intensity. Next, 10 mg mACs and AC 

were immersed in 5 ml MB solutions of different concentrations (from 100 – 1200 mg L-1) for 48 

hrs. The top solution was collected in a 1.5 ml centrifuge tube, and all the samples were 

centrifugated at 10000 rpm for 5 min before measuring UV-vis. Then the residual concentrations 

were calculated based on the calibration curve. The effect of solution pH values on the adsorption 

performance is evaluated by adjusting the pH values from 3 to 9 with the H2SO4 and NaOH 

solutions.  

The reusability was tested by placing 0.10 g samples into 50.00 mL MB solution (100 mg 

L-1) and kept for 24 hrs at room temperature with continuous stirring at 200 rpm. The AC and 

mAC materials were placed on a stirring plate with and without a magnetic stir bar, respectively. 

All mACs were effectively mixed on a magnetic stirring plate. The adsorbed samples were washed 

with 25.00 mL sulfuric acid (0.1 M) and stirred at 200 rpm for 8 hrs. For mACs and AC, the 

carbons were collected at the bottom of the vials with and without an external magnetic bar after 

settling. The top solution was removed. The vials were filled with deionized water (DI water) and 

stirred at 200 rpm for 30 min for washing. The step was repeated until a pH 7 was reached. The 

neutralized samples were dried in an oven at 105 °C for 30 min. The adsorption-desorption 

procedure was repeated for four cycles.  
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3. RESULTS AND DISCUSSION 

3.1 Characterization of mACs 

The mAC samples produced increased XRD intensities at lower mass ratios of AC to ferric 

sulfate (Figure 2(a)). The broad peak appearing around 24° is assigned to the (002) diffraction 

peak of amorphous AC. The interlayer distance (d002) is calculated to be ~ 0.37 nm by the Scherrer 

equation, larger than that of graphite (0.335 nm). Diffraction peaks characteristic of Fe3O4 are 

present at 2θ = 30°, 35.3°, 43.5°, 53.1°, 57°, and 62.5°, representing the characteristics of (220), 

(311), (400), (422), (511), and (440) planes, respectively (as shown in Figure 2(b)), and agrees 

with the inorganic crystal structure database (ICSC) Card No. 35001ICSD. The peak located at 

around 33.3° corresponds to (104) plane of hematite (α-Fe2O3).12 Peaks of the mACs sharpen with 

increasing iron sulfate content, confirming that more ferric sulfate in the precursors produces more 

crystalline magnetite in the mAC.  

 

Figure 2. (a) XRD patterns of 5:1 mAC, 10:1 mAC and 20:1 mAC and (b) standard XRD 

pattern of Fe3O4 from 35001 ICSD card. 

For further clarification and confirmation, XPS spectroscopy was conducted on the mACs 

(Figure S1), which proved the presence of iron oxide in the resulting mAC products. Figure S2 

The deconvoluted XPS spectra for Fe 2p possess peaks at ca. 712.0 eV and 724.0 eV attributed to 
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Fe 2p3/2 and Fe 2p1/2, respectively. Deconvoluted peaks at 710.9 eV and 713.1 eV (Fe 2p3/2) 

correspond to Fe3+ and Fe2+ mixed oxide, respectively, and confirm the presence of Fe3O4. The 

other two deconvoluted peaks at 724.1 and 725.9 eV are characteristics of α-Fe2O3.12 Their atomic 

concentrations of Fe are 2.06%, 1.67%, and 0.64% for 5:1, 10:1, and 20:1 mACs, respectively (see 

Table S1). The deconvoluted O1s peaks of mAC samples are displayed in Figure S3. The fractions 

of Fe-O group are 12.5%, 11.5% and 6.5% for 5:1, 10:1 and 20:1 mACs, respectively. Accordingly, 

the 5:1 mAC shows the highest amount of iron oxide, consistent with the highest loading amount 

of Fe2(SO4)3 in the precursor. Furthermore, the peaks at 531.5 eV and 532.6-532.7 eV correspond 

to C=O and C-O bonds, respectively.37 The O1s peaks prove the existence of metal oxides (O-), 

carbonyl, carboxyl, and hydroxyl functional groups. 

Iron oxides (magnetite, hematite, and maghemite) are generated during the pyrolysis and 

activation processes. The reaction of ferric sulfate in a nitrogen environment is described in Eq 2a. 

The maghemite undergoes structural rearrangement and converts to hematite as the temperature 

goes up to around 400 °C.9, 12 As the temperature increases above 600 °C, some of the hematite 

reduces to magnetite (Eq 2b). The mACs are synthesized in the CO2 environment after activation 

and partial oxidation of magnetite. The complex process leads to a mixture of Fe3O4 and Fe2O3 on 

the surface of mACs. 

Fe2(SO4)3(s) 
Δ
→ Fe2O3(s) + 3SO3(g)                                                                                   (2a) 

3Fe2O3(s) + C(s) 
Δ
→ 2Fe3O4(s) + CO(g)                                                                               (2b) 

2Fe3O4(s) + CO2(g) 
Δ
→ 3Fe2O3(s) + CO(g)                                                                           (2c)   

 

The mACs’ XPS C 1s spectra of mACs were decomposed into three peaks centered at 284.8 

eV (C=C or C-C), 286.0 eV (C-O), 288.8 eV (C=O) and 289.2-289.4 eV(O-C=O), respectively,38 

confirming the presence of oxide functional groups on the surface of porous carbon structures 
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(Figure 3). The C=O accounts for 9.6%, 8.0% and 7.0%, O-C=O accounts for 9.2%, 12.8% and 

11.0%, while C-O accounts for 20.3%, 23.0% and 21.0% of the total integration area for the 5:1, 

10:1 and 20:1 mACs, respectively. In order to confirm the presence of MB after adsorption, FTIR 

spectra of 5:1 mAC before and after MB adsorption and MB were collected and shown in Figure 

S4. In the MB sample, the strong peak located around 1600 cm-1 corresponds to aromatic group of 

MB, and the peaks located in the range of 1340-1440 cm-1 are attributed to the heterocyclic 

vibrations of MB skeleton.39 It can be obviously noticed that the intensities of these peaks are 

increased for the of the 5:1 mAC after MB adsorption, indicating the MB has been adsorbed and 

covered on the surface of 5:1 mAC. 

 
Figure 3. Deconvoluted XPS spectra of C 1s peak for (a) 5:1, (b) 10:1 and (c) 20:1 mACs. 

            The magnetic properties of mACs and AC were evaluated by the magnetic hysteresis 

curves. As shown in Figure 4, the magnetic saturation (Ms) values of AC, 20:1 mAC, 10:1 mAC 

and 5:1 mAC samples are about 0.0, 2.0, 5.6, and 6.6 emu g-1, respectively. This result confirmed 

the presence of magnetic nanoparticles on the mAC samples and the magnetic saturation values 

are positively correlated with the impregnation amount of ferric sulfate in the precursor. 
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Figure 4. Magnetic hysteresis curves of AC and mAC samples. 

The morphological features of the mAC samples were characterized via SEM and EDS 

maps of Fe. As shown in Figure 5, the average particle size of AC on the 10:1 mAC sample is in 

the range of 10~20 𝜇𝜇𝜇𝜇, which is slightly larger than that of the 5:1 mAC (10~15 𝜇𝜇𝜇𝜇) and 20:1 

mAC (5~10 𝜇𝜇𝜇𝜇). The generated EDS maps of elemental Fe confirm the homogeneous distribution 

of the iron oxide nanoparticles on the surface of mACs.   

 

Figure 5. SEM images and EDS maps of Fe element of (a, d) 5:1, (b, e) 10:1 and (c, f) 20:1 

mACs. 
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The pore size distributions of the samples are depicted in Figure 6. The mAC samples 

possess sharp peaks at pore size ~1 nm and broad peaks distributed ~ 2 – 6 nm, whereas the pure 

AC only exhibits a sharp peak at pore size ~1.8 nm, demonstrating the microporosity of pure ACs. 

From the large, broad peak in the range of 2 – 10 nm, we observe the mesopore fraction decreased 

in the sequence of 5:1 mAC > 20:1 mAC > 10:1 mAC > AC. Table 1 summarizes SBET, 

micro/mesopores ratio, PVmicro, and PVmeso. The 5:1, 10:1, and 20:1 mACs have BET surface areas 

of 528.1, 515.8, and 512.8 m2 g-1, with a mesopore ratio of 17.0, 10.3, and 14.7%, respectively. In 

comparison, AC has a BET surface area of just 318.8 m2 g-1 and a mesopore ratio of only 1.6%. 

The surface area and mesopore volume are significantly increased with the impregnation of 

Fe2(SO4)3 in the precursors, demonstrating the role of iron as a catalyst in the process of pyrolysis 

and activation.9, 12 In addition, the iron is oxidized into iron oxide and grown on the surface of ACs 

during the pyrolysis and activation process, leading to the more porous structures of mACs.8 

Table 1. Characterization parameters (Fe %, SBET, micropore/mesopore ratio, PVmicro, and 

PVmeso) of mACs and AC determined from BET measurement. 
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Figure 6. (a, b) DFT pore size distributions of mACs and AC. 

3.2 Adsorption performance of mACs 

3.2.1 Adsorption isotherm 

           MB adsorption isotherms on the carbon samples were fit to the Langmuir model: 

          𝑞𝑞𝑒𝑒 =
𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒

1 + 𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
  (3) 

Where 𝑞𝑞𝑒𝑒  (mg g-1) is the amount of MB adsorbed per unit mass of carbon, 𝐶𝐶𝑒𝑒 (mg L-1) is the 

concentration of MB when the solution reaches the maximum adsorption amount of the carbon, 

𝑞𝑞𝑚𝑚  (mg g-1), 𝐾𝐾𝐿𝐿  (L mg-1) is the Langmuir equilibrium constant. As shown in Figure 7(a), the 

Langmuir model fits the experimental data (R2 > 0.999), indicating the assumption of monolayer 

adsorption is valid. The maximum adsorption capacities of mACs and AC are presented in Table 

2. The theoretical maximum adsorption is greatly increased from 55.0 mg g-1 of AC to 220.2 mg 

g-1 for the 5:1 mAC. We assume that the higher surface area and pore volume allows for more 

accessible adsorption sites available for MB. Introducing iron in the precursors leads to higher 

surface area and greater mesopore ratio for the mACs over AC, thus MB adsorption. In addition, 

the maximum adsorption capacities for 5:1, 10:1, 20:1 mAC are 220.2, 151.1, 99.8 and 55.0 mg g-

1, respectively. Given that there is little difference in surface area and benefit from the pore 
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structure (Table 1), iron oxide’s presence on the surface greatly improves the adsorption 

performance of activated carbons.  

 

Figure 7. (a) Adsorption isotherm curves fitted by Langmuir model of mACs and AC, (b) 

Adsorption isotherm curves fitted by Langmuir model of 5:1 mAC under 298, 313, 

and 323K.  

Table 2. Parameters derived from the fits of the Langmuir model to the experimental data for 

mACs and AC. 

 

3.2.2 Adsorption kinetics 

The adsorption rate performance is the critical process metric for commercial applications.40 

Adsorption rates were measured by immersing 0.10 g samples into 50.00 mL MB solution (500 

mg L-1) at room temperature. We observed that the MB adsorption in 5:1 mAC occurs much more 

quickly than in the pristine AC (Figure S5(a)).  The AC takes roughly 8 hrs to reach adsorption of 

55 mg g-1, whereas the same loading is obtained within 0.08 hr in the 5:1 mAC. Two mathematical 



 15 

models, which are pseudo-first order (Eq 4a) and pseudo-second order (Eq 4b) models, were 

adopted to describe the adsorption kinetics of MB.  

ln(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = ln(𝑞𝑞𝑒𝑒) − 𝑘𝑘1𝑡𝑡                                                                                 (4a) 
𝑡𝑡
𝑞𝑞𝑡𝑡

= 1
𝑘𝑘2𝑞𝑞𝑒𝑒2

+  𝑡𝑡
𝑞𝑞𝑒𝑒

                                                                                                     (4b) 

 

Where 𝑞𝑞𝑒𝑒  (mg g-1) is the equilibrium adsorption amount of the adsorbent, 𝑞𝑞𝑡𝑡  (mg g-1) is the 

adsorption amount at t time, 𝑘𝑘1 is the pseudo first order rate constant (h-1), 𝑘𝑘2 is the pseudo second 

order rate constant (g/(mg·h)), and t is the contact time (h). To identify the sorption mechanism, 

both models were fit to the data (Table S2). The pseudo-first order model assumes the adsorption 

process is dominated by diffusion, whereas the pseudo-second order model describes chemical 

adsorption.40-42 Both models fit the experimental data. The adsorption process can be further 

divided into membrane diffusion, intra-particle diffusion, and the actual adsorption steps.40, 43 To 

confirm that the process is not strictly intra-particle diffusion controlled, the intra-particle diffusion 

model was fit to the experimental data (Figure S5(b)). If the plot of 𝑞𝑞𝑡𝑡 versus t1/2 exhibits only one 

linear section, the adsorption is controlled only by intra-particle diffusion. Conversely, multiple 

linear sections in the plots represent more than one process.43 As shown in Figure S5(b), the plots 

consist of two straight lines, confirming that multiple mechanisms control the adsorption layer 

process. Further, the large intercepts indicate an additional mechanism controlling rate besides 

intra-particle diffusion. 

3.2.3 Temperature effect on the adsorption 

The adsorption properties were evaluated at different temperatures (from 298 to 323 K). 

Figure 6(b) shows the adsorption amount versus equilibrium concentration for the 5:1 mAC sample 

fitted by the Langmuir model at different temperatures (Table 3). The maximum adsorption 

capacities reach 329.6, 272.9, and 220.2 mg g-1 at 323, 313, and 298 K, respectively. The 
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adsorption capacity of 5:1 mAC increases with increasing temperature and indicates an 

endothermic process promoting the adsorption of MB through a physical process.  

Table 3. Adsorption isotherm parameters for MB onto 5:1 mAC at 298, 313, and 323 K.  

  

3.2.4 pH effect on the adsorption 

            Initial pH of the solution affects the surface charges of the adsorbent, thus influencing the 

adsorption efficiency. The zeta potentials of mAC 5:1 adsorbent were measured in the pH range 

of 3 – 9. As shown in Figure 8, as the solution condition changes from acidic to alkaline, the zeta 

potential of the sample goes from positive (+2.36 mV) to negative (~ -35.67 to -45.60 mV). At 

extreme acid condition (pH = 3), the abundance of hydrogen ions may compete with cationic MB 

molecules and occupy some binding sites on the 5:1 mAC,44 thus leading to the low MB adsorption 

capacity. As the pH value increases, the surface functional groups of 5:1 mAC are deprotonated 

and the adsorption capacity toward cationic MB increases. In alkaline condition (pH = 9), the 

adsorption capacity decreases a little bit as some Na+ are introduced into the solution and might 

also be adsorbed on the surface of 5:1 mAC.22 
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Figure 8. Effect of pH values on the zeta potentials and MB adsorption performance of 5:1 mAC 

sample. 

3.2.5 Adsorption thermodynamics 

The adsorption thermodynamics were investigated based on the following equations: 

              𝐾𝐾𝑑𝑑 =  𝑞𝑞𝑒𝑒
𝐶𝐶𝐶𝐶

                                                                                                 (5a) 

             ∆𝐺𝐺0 =  −𝑅𝑅𝑅𝑅ln𝐾𝐾0                                                                                   (5b) 

           ln𝐾𝐾0 =  −∆𝐻𝐻0

𝑅𝑅𝑅𝑅
+ ∆𝑆𝑆0

𝑅𝑅
                                                                                 (5c) 

where ∆𝐺𝐺0,∆𝐻𝐻0,𝑎𝑎𝑎𝑎𝑎𝑎 ∆𝑆𝑆0  are changes of Gibbs free energy, enthalpy and entropy, respectively. 

R is the universal gas constant, which is 8.314 J mol-1 K-1. T is temperature (K) and 𝐾𝐾𝑑𝑑  is 

distribution coefficient, which is calculated based on the Eq 5a, and 𝐾𝐾0  is calculated when 

extrapolating 𝐶𝐶𝐶𝐶 to zero.9, 13, 45, 46 The value of ∆𝐺𝐺0 is obtained from the Eq 5b, and ∆𝐻𝐻0 and ∆𝑆𝑆0 

are determined from the slope and intercept of the linear fit of the plot of ln𝐾𝐾𝑑𝑑 versus 1/T (Eq 

5c).13, 47 The obtained values of the thermodynamic parameters are shown in Table 4.  The ∆𝐺𝐺0 

are negative and decrease with increasing temperature, indicating the MB adsorption process is 

spontaneous and the spontaneity increases with increasing temperature. The ∆𝐻𝐻0  and ∆𝑆𝑆0  are 
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18.98 K J mol-1 and 101.35 J K-1 mol-1, respectively, the positive values prove the endothermic 

and random nature of the adsorption process. 

Table 4. Adsorption thermodynamic parameters for MB onto 5:1 mAC at 298, 313, and 323 K.  

 

3.3 Regeneration and recyclability of mACs 

             Absorbent stability and reusability are crucial for cost effective industrial removal of 

toxins from water. Owing to the magnetic properties, mACs can be easily collected by an external 

magnet (Figure 9(b)), which is convenient for recovery and reuse. To assess the regeneration 

efficiency of the mACs, an external magnet separated MB absorbed carbons. After separation, 

they were first washed with a sulfuric acid solution. Afterward, the carbons were washed with DI 

water until neutralized. The adsorption and desorption cycles were repeated for four cycles, and 

the reusability of samples was determined by removal percentage (%): 

            𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (%) = 𝐶𝐶0−𝐶𝐶𝑡𝑡 
𝐶𝐶0

∗ 100                                                                                (6) 

where the 𝐶𝐶0 (mg L-1) is the initial concentration and 𝐶𝐶t (mg L-1) is the concentration at time t. 

As shown in Figure 9(a), the 5:1 mAC sample shows excellent adsorption efficiency with the 

removal percentage above 95% for four cycles. For the 10:1 mAC, the removal percentage is 

slightly reduced on the 4th cycle but remains at 89.4%, possibly due to the incomplete dye 

desorption. The 20:1 mAC exhibits a decrease in adsorption efficiency (down to 91.7%) on the 2nd 

round, and the removal percentages are 86.4%, 63.0% for the 3rd and 4th cycles, respectively. The 

reusability performance of mACs shows a trend as follows: 5:1 mAC > 10:1 mAC > 20:1 mAC > 
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AC, demonstrating that the 5:1 mAC possesses the best reusability and remains as an efficient 

adsorbent even after four cycles. For comparison, the removal percentage of AC drops down from 

43.8% for the 1st cycle to 18.8% for the 2nd cycle and loses efficiency (2.4%) at 3rd round recycle.  

This result supports the observation that the presence of magnetite nanoparticles facilitates the 

adsorption/desorption process of MB on the samples, and the magnetic nanoparticle loading 

positively correlates with the reusability of adsorbents. 

 

Figure 9. (a) Reusability test of mACs for MB adsorption and (b) images of mACs without and 

with the external magnet. 

The exceptional characteristic of the 5:1 mAC is best expressed as a totality of its adsorption 

capacity, recyclability, production scale, low-cost processing, and environmental viability.  To best 

communicate this unique combination of traits, we present a comparison radar plot with other 

published adsorbents, shown in Figure 10.  In this discussion, we address the five traits individually.  

First, we observe that the adsorption capacity of 5:1 mAC toward MB is superior to the other 

absorbents in the plot. Second, as for the performance over multiple cycles, magnetic carbon 

composites demonstrate improved regeneration efficiency.  The 5:1 mAC and MACS-700 both 

maintain adsorption capacitance over 85% after 4 cycles. Third, only the Merck commercial ACs 

have demonstrated production scale. However, while the 5:1 mAC was produced at gram scale, it 

has potential for industrial-scale production because the single-step process by which it was 



 20 

synthesized is similar to processes used in industry.  In contrast, most of the magnetic carbon 

adsorbents, such as the MACS-700, magnetic GO-CNT composite, Fe3O4@C NPs, and GO-Fe3O4, 

were produced via the hydrothermal method, which can only be developed at very small scale. 

Fourth, as for the safe, facile and low-cost processing, the 5:1 mAC is directly produced via a 

single step method. There is no corrosive effect on the production facilities and no extra wash step 

needed. Fe3O4@C NPs and MACS-700 samples were developed after three steps. Magnetic GO-

CNT composite used more than four steps. G-CNT were synthesized with more than five steps 

and GO-Fe3O4 even needed more than eight steps. The complicated multi-step processes limit the 

possibility for industrial applications. Fifth, considering the feedstock economic & environmental 

viability, renewable and cheap resources are significant factors.  Most commercial scaled ACs are 

produced from coconut shell, while 5:1 mACs are derived from waste stream lignin. The price of 

commercial lignin is in range of $100-300 per ton,48 while coconut shell price is about $150/ton.49 

In comparison, MACS-700 and Fe3O4@C NPs used glucose as precursor, while the G-CNT and 

magnetic GO-CNT composite both used graphite and MWCNT as precursors and GO-Fe3O4 used 

graphite as precursor. However, in addition to the precursors, there are still extra chemicals, such 

as acid or alkali solutions, and abundant deionized water involved in the hydrothermal and washing 

process that lead to the increased cost. From these five perspectives, the 5:1 mAC uniquely 

provides the optimal combination of technical performance, economic value and sustainability.  
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Figure 10. Comparison radar plot (detailed data is shown in Table S3) of adsorption 

performance toward MB, process and cost of other adsorbents reported.13, 22, 50-53 

3.4. Adsorption mechanisms 

              The atomic scale process behind the adsorption mechanism can arise from multiple 

factors, including the surface characteristics and heterogeneity, porosity and functional groups of 

adsorbents, and the molecular structure of adsorbates. For carbon materials, the adsorption 

between adsorbents and adsorbates occurs primarily through hydrogen bonding, π−π interactions, 

and electrostatic interactions. As shown in Figure 11, we proposed an adsorption mechanism for 

MB on mACs. The proposed mechanisms involved are illustrated. The surface functional groups 

were determined by XPS spectra, and the disordered graphite structure was confirmed by XRD 

measurement as well as previous work.34, 54 The principal interaction should be the π−π interaction 

between the π−electron system on ACs and aromatic structure of MB, and the hydrogen bonding 

interactions between the carboxyl/hydroxyl functional groups and MB molecules.44, 55, 56 In 

addition, the electrostatic interactions with cationic MB were introduced as the mAC’s surface is 

0

100

200

0
1

2
3

4

0

1

2

3

4

5

0

1

2

3

4

5

0
1

2
3

4
5

Produced at 
gram scale

Safe, facile and
low-cost processing

Feedstock economic 
& environmental viability

Cycles with adsorption 
capacity percent 
maintained over 85%

Adsorption capacity (mg g-1)  5:1 mAC (This work)
 MACS-700
 magnetic GO-CNT composite
 Fe3O4@C NPs
 GO-Fe3O4

 G–CNT
 Merck Commercial AC



 22 

negatively charged (O-).8, 9, 12 Additionally, the introduction of iron oxides on the surface of mAC 

leads to the vastly improved MB adsorption as well, which should be attributed to the enhanced 

electrostatic interaction between iron oxides and MB molecules.10, 11 

 

Figure 11. Adsorption mechanisms for MB onto mACs where the yellow dots represent a 

mixture of iron oxides. 

4. CONCLUSIONS  

We developed a simple route to synthesize mACs in a one-step process. A mixture of lignin 

and ferric sulfate were applied as precursors for co-carbonization and activation. Incorporating 

ferric sulfate into the lignin matrix improved the surface area of mACs with magnetic iron oxides 

nanoparticles uniformly distributed on the surface. The adsorption of MB occurs primarily through 

a physical adsorption process on the surface functional groups, π−electron system of the aromatic 

carbon, and the iron oxides on the surface. These magnetite nanoparticles on ACs enhanced the 

adsorption capacity via enhanced electrostatic interactions and significantly improved the 

regeneration efficiency. The maximum adsorption capacity for MB was greatly increased from 

55.0 mg g-1 on non-magnetic AC to 220.2 mg g-1 for the 5:1 mAC. The reusability test 

demonstrated that mACs could be easily separated magnetically and exhibited excellent reusability 
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with high removal efficiency (> 95%) even after four use cycles. A comparison of the 5:1 mAC 

with other AC adsorbents in the literature demonstrates that it possesses a unique set of 

characteristics that make it a superior material for industrial-scale water remediation. In conclusion, 

this work demonstrates that lignin-derived magnetic activated carbons are high performance 

adsorbents, synthesized from a lignin feedstock that is both economically and environmentally 

viable via a simple, single-step process.  
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Table S3. Parameters of comparison radar plot of adsorption performance toward MB, process and 

cost of other adsorbents reported.13, 22, 50-53 

Figure S1. XPS survey spectra for (a) mAC_5_1, (b) mAC_10_1 and (c) mAC_20_1. 

Figure S2. Deconvoluted XPS spectra of Fe 2p peak for (a) 5:1 mAC, (b) 10:1 mAC and (c) 20:1 

mAC. 

Figure S3. Deconvoluted XPS spectra of O 1s peak for (a) 5:1 mAC, (b) 10:1 mAC and (c) 20:1 

mAC. 

Figure S4. FTIR spectra of 5:1 mAC (before and after MB adsorption) and MB. 

Figure S5. (a) Adsorbed amounts of MB as a function of time for 5:1 mAC and AC, (b) Kinetics 

of MB adsorption according to the intra-particle diffusion model. 
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