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A B S T R A C T   

In this study, the adsorption behaviors of heavy metal cations such as Cd2+, Cr3+, Pb2+ and Hg2+ were sys-
tematically investigated using active MnO2-modified magnetic biochar derived from palm kernel cake residue. 
The Fe3O4 synthesized via co-precipitation at an optimum ratio of FeCl3 to FeCl2 (2 to 1) was easily coated on 
surface of carbonized biochar powder (CP). The adsorption performance of magnetic biochar (CP-Fe) was effi-
ciently improved by doping with KMnO4 (CP-Fe-Mn). The physicochemical properties of adsorbents were 
analyzed by VSM, XRD, BET, Boehm titration, FT-IR, pHpzc and SEM-EDS techniques. A saturation magnetization 
value of CP-Fe-Mn was 20.94 emu/g, indicating to the paramagnetic properties of obtained adsorbent. A facile 
recovery of CP-Fe-Mn from aqueous solution after finishing adsorption process was found. The adsorption be-
haviors of each heavy metal ion over CP-Fe-Mn were found to be a monolayer-physisorption process, confirming 
by Langmuir, Dubinin-Radushkevich, Temkin, Redlich-Peterson and Toth isotherms. The maximum adsorption 
capacities (qmax) of Cd2+, Cr3+, Pb2+ and Hg2+ were 18.60, 19.92, 49.64 and 13.69 mg/g, respectively. A rapid 
adsorption with two-step of intra-particle diffusion processes followed the pseudo-second order and the Weber- 
Morris models, respectively. Furthermore, thermodynamic studies suggested that behavior adsorptions of heavy 
metals over CP-Fe-Mn were found to be spontaneous nature and endothermic process. It was expected that such a 
novel low-cost CP-Fe-Mn should be further applied for capable removal of several heavy metals in wastewater.   

1. Introduction 

As well known that the abundant existence of toxic/heavy metal such 
as cadmium (Cd), chromium (Cr), Mercury (Hg) and lead (Pb) in envi-
ronmental wastewater become serious problems and risks for human 
life. In general, they are issued during production processes of metal 
cleaning, plating dyes, leather industry. The privation of access to safe 
drinkable water has been widely reported with a lot of critical issues on 
human health problems [1,2]. The presence of these metals, even at 
extremely low concentrations, lead to occurrence of carcinogen in 
human as identified by the US National Toxicology Program [3]. Thus, it 
is necessary to search some suitable direction for solving above prob-
lems. Several conventional technologies for removal of heavy metals are 
widely reported such as filtration membranes, ion-exchange, coagula-
tion and co-precipitation processes [4,5]. Unfortunately, these tech-
nologies cannot be well carried out under actual field trials since they 
present some disadvantages, for instance, the uses of expensive 

equipment and chemicals are required for wastewater treatment 
process. 

Among of all available, the utilization of activated carbon for 
wastewater treatment via adsorption process has been certainly regar-
ded as a capable technique together with inexpensive [6]. Commercial 
activated carbon (ACC) is well known as the most common adsorbents 
applied to treat organic pollutants since it presents high surface area and 
specific functional groups. ACC also exhibits better advantages such as 
high capability, environmentally powerful and comparatively cheap, 
comparing with commercial zeolites. However, the problem of ACC 
application is limitation for sole removal of non-polar molecules such as 
phenol and iodine (I2). In our previous work, we reported that activated 
carbon prepared via physical activation presented excellent adsorption 
performance of Cr2O7

2− [7]. Also, non-polarity surface was also found for 
ACC based on pHpzc investigation, resulting in high ability for adsorp-
tion of I2 molecule. In the case of biochar/carbonized carbon before and 
after modification by KMnO4, their surfaces were significantly covered 
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by negative charge with basic properties, leading to the high perfor-
mance for adsorptions of Fe3+, Fe2+, Ca2+ and Zn2+ [8]. However, the 
main problem is hindrance for eliminating and recovering the adsorbent 
powders from wastewater treatment system, leading to the generation of 
secondary pollution. In general, filtration and centrifugation processes 
are widely utilized to separate adsorbent powders [9]. These processes 
also mainly require additional time for separation and cost. 

To overcome mentioned problem, a combination of adsorbent 
powder such activated carbon with magnetic nanoparticles should be 
considered and applied for metal removal process. Here, magnetic 
activated carbon should be easily separated by specific magnetic field. 
Up to now, many studies have been investigated in the topic of metal 
adsorption over magnetic activated carbon [10]. Wang et al. [11] found 
that Cr6+ adsorption capacity (qe =19 mg/g) could be obtained using 
traditional magnetic carbon. After modification of magnetic carbon by 
soaking in FeCl3 solution and pyrolysis, Cr6+ adsorption capacity was 
increased up to 48 mg/g. Demarchi et al. [12] succeeded in preparation 
of magnetic activated carbon via chemical activation using sulfuric acid 
for Cr6+ adsorption. Nejadshafiee and Islami [13] prepared a novel 
magnetic bio-adsorbent via 1,4-butane sultone immobilization for se-
lective adsorption of Pb2+, As3+ and Cd2+. However, high production 
cost and complex technology are required for preparation of excellent 
magnetic adsorbent. Also, the traditional magnetic adsorbent usually 
has a low capacity for adsorption of heavy metal ions. Thus, it is very 
important to improve and modify the low-cost/green magnetic adsor-
bent using sustainable/cheap production process [14,15]. 

In this study, palm kernel cake was used as a carbon feedstock for 
production of biochar via carbonization process at 350 ◦C. Magnetic 
Fe3O4 particles were coated on biochar structure via co-precipitation 
using FeCl3 and FeCl2 under basic condition. To improve adsorption 
efficiency, the magnetic biochar was further modified using potassium 
permanganate (KMnO4). The specific properties of adsorbents were 
characterized using SEM-EDS, Boehm titration, pHpzc, VSM, XRD, FT-IR 
and BET. The adsorption factors such as adsorbent type, adsorbate type, 
ratio of adsorbent to KMnO4 and pH value were optimized in details. To 
understand more information, the adsorption mechanisms of each metal 
onto adsorbent were also investigated. To the best of our knowledge, the 
application of MnO2-modified magnetic biochar (CP-Fe-Mn) for selec-
tive adsorption of heavy metal ions (Cd2+ Cr3+ Hg2+ and Pb2+) with 
their adsorption behaviors has not yet been reported so far. This 
research was expected that low-cost magnetic adsorbent should be truly 
applied for removal of heavy metals in environmental wastewater. 

2. Experimental 

2.1. Materials and reagents 

Palm kernel cake was carbonized at a temperature of 350 ◦C under 
confined condition in order to obtain biochar. Then, biochar size was 
selected via a 400 mesh of sieve before chemical modification process. 
Here, the carbonized biochar powder was named as CP. The stock so-
lutions of I2, Fe2+, Cr3+, Ni2+, Zn2+, Cu2+, Cd2+, Pb2+, As3+ and Hg2+

were prepared through dissolving I2, FeCl2.4H2O, CrCl3.6H2O, 
NiSO4.6H2O, ZnCl2, CuSO4.5H2O, CdCl2, Pb(NO3)2, As2O3 and HgCl2 in 
distilled water, respectively. 

2.2. Adsorbent preparation 

(I) For magnetic biochar (CP-Fe), 5 g CP was soaked to the mixture 
solution of 0.1 mol/L FeCl3 (267 mL) and 0.1 mol/L FeCl2 (133 mL) at 
ratio of Fe3+: Fe2+ (2:1) for 10 min under ultrasonic condition. Then, 6 
mol/L NH3 solution (200 mL) was admixed to the as-prepared solution 
with further stirred for 10 min under ultrasonic condition. During this 
process, Fe3O4 particles were formed and coated on biochar structure 
via co-precipitation process between Fe3+ and Fe2+. The adsorbent ob-
tained from this process was named as CP-Fe. The overall reactions for 
magnetic Fe3O4 formation are provided in previous literature [16]. The 
CP-Fe existed in solution was easily picked using a neodymium magnet, 
washed exhaustively with distilled water and then dried in oven at 80 ◦C 
overnight. For pure Fe3O4 powder without the existence of CP was 
named as Fe. 

(II) For MnO2-modified magnetic biochar (CP-Fe-Mn), it was pre-
pared via an impregnation method. In brief, 1 g of CP-Fe was soaked 
with 0.04 mol/L KMnO4 solution at various volumes of 5− 40 mL, and 
stirred at 60 ◦C for overnight. During this process, MnO2 particles were 
formed and coated on CP-Fe structure. The adsorbent obtained from this 
process was named as CP-Fe-Mn. The CP-Fe-Mn existed in solution was 
easily picked using a neodymium magnet, washed with distilled water 
and then dried in oven at 80 ◦C overnight. The overall process of CP-Fe- 
Mn preparation is illustrated in Fig. 1. For comparison, CP-Mn was 
prepared using an impregnation method without the existence of Fe3O4. 
In the case of CP-Mn-Fe, CP was impregnated with KMnO4 at first and 
followed by Fe3O4. The details of adsorbent characterization method 
using SEM-EDS, Boehm titration, pHpzc, VSM, XRD, FT-IR and BET are 
provided in supporting information (SI) [8,17]. 

Fig. 1. Scheme illustration for preparation of CP-Fe-Mn.  
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2.3. Adsorbent experiment 

Before investigations on adsorption behaviors/mechanisms, the 
adsorption capacities of the as-prepared adsorbent were primarily 
investigated via various factors such as adsorbent type, adsorbate type, 
ratio of adsorbent to KMnO4 and pH value. In a typical study for 
adsorption procedure, the prepared adsorbent (0.2 g) was soaked in 
each metal ion solution (Fe2+, Cr3+, Ni2+, Zn2+, Cu2+, Cd2+, Pb2+, As3+

and Hg2+) at concentration of 100 mg/l with the volume of 25 mL, and 
stirred at 30 ◦C for 30 min. In the case of study on non-polar I2 
adsorption, I2 solution at concentration of 0.05 mol/L were studied 
under the similar conditions with metal ion adsorption procedure. After 
completing the adsorption processes, the spent adsorbent was easily 
moved out from mixture solution by using a neodymium magnet and the 
remaining adsorbates existed in the achieved solutions were then 
analyzed. Here, the concentration amounts of Cr3+, Ni2+, Zn2+, Cu2+, 
Cd2+, Pb2+, As3+ and Hg2+ ions were quantified via external standard 
method using a Flame Atomic Absorption spectrometer (Thermo scien-
tific iCE3000) For Fe2+ amount, it was detected by UV–vis spectropho-
tometer at 510 nm (Genesys 20) following a 1, 10-Phenanthroline 
method. The I2 number were determined by titration method with 
thiosulfate ion solution. The information on adsorption isotherm, kinetic 
and thermodynamic procedures for are provided in SI. To determine the 
best-fitted model, non-linear regression and trial/error methods were 
applied for adsorption isotherms, kinetics and thermodynamic processes 
via Microsoft Excel/computer operation [19]. 

3. Results and discussion 

3.1. Adsorption capability and behavior 

Before testing on adsorption capability and behavior, the effect of 
mixture ratio between Fe3+ and Fe2+ for Fe3O4 formation on CP struc-
ture (CP-Fe) was investigated. Table S1 shows the physical properties of 
CP-Fe and CP-Fe-Mn. As expected, an optimum ratio of Fe3+ to Fe2+ was 
2:1 based on shortest distance and time for separation process from the 
solution using an magnetic field. This result was in good agreement with 
theoretical formation of magnetic Fe3O4 structure. The magnetic be-
haviors of CP-Fe and CP-Fe-Mn were also investigated using VSM 
analysis. As shown in Fig. 2, the characteristic properties of magneti-
zation curves derived from CP-Fe at virous ratios of Fe3+ to Fe2+ were 
classified as a soft magnetic, observing from their narrow hysteresis 
loops, low coercive fields and high saturation magnetization. The values 
of saturation magnetizations obtained from CP-Mn at Fe3+ to Fe2+ ratios 
of 1:1, 2:1, 3:1 and 4:1 were 23.53, 20.94, 17.71 and 10.56 emu/g, 
respectively, suggesting to typical ferrimagnetic or ferrite properties. As 
observed, the magnetic properties of CP-Fe were decreased to some 
extent with the increasing of Fe3+ adding amount. This indicates that 
excess amount of FeCl3 adding obstructed the formation of Fe3O4 on CP 
surface. It should be noted that superparamagnetic properties were 
occurred at saturation magnetization value of ≥60 emu/g [20]. How-
ever, this saturation magnetization value could be possibly reduced in 
the presence of nonmagnetic materials such as activated carbon. For 
CP-Fe-Mn, ferrimagnetic or ferrite properties were presented with a 
saturation magnetization value of 21.76 emu/g. The magnetization 
values of the as-prepared samples were acceptable which could be easily 
separated easily from aqueous solution using a neodymium magnet. 
From these results, CP-Fe at Fe3+ to Fe2+ ratio of 2:1 was chosen for next 
studies. 

Fig. S1 presents the adsorption abilities of non-polar I2 molecule and 
Fe2+ion by using various adsorbents. It is found that CP before and after 
modification exhibited lower I2 adsorption abilities than ACC. In 
contrast, lower Fe2+ adsorption ability was found for ACC when 
compared with CP before and after modification, suggesting to the low 
polarity of ACC. Comparing on CP, CP-Fe and CP-Mn, one can see that 
CP-Mn exhibited highest capacity (qe =73.93 mg/g) for Fe2+ adsorption, 
indicating that KMnO4 activation created the significant formation of 
functional oxygens such carbonyl/carboxylic groups as including of 
MnO2 (-C-C− OH + KMnO4 → + -C− COOH + -C-C = O + MnO2) on CP 
surface for improving the adsorption of metal cation [15]. As well 
known that Lewis acid properties of metal cations could be easily 
adsorbed onto adsorbent surface containing large amounts of oxygen-
ated compounds such as carbonyl groups with the presence of lone pairs 
of electrons (Lewis base properties) over electrostatic forces, generating 
the covalent bonds [21]. Unfortunately, very low capacity for Fe2+

adsorption was found for CP-Fe, resulting from the presence of Fe3O4 
with high amount. This also revealed that Fe3O4 coated on CP could well 
help for separation process but it did not improve the efficiency for 
metal cation adsorption. To solve above problem, CP-Fe was modified by 
KMnO4 activation (CP-Fe-Mn). As expected, the Fe2+ adsorption capa-
bility was well improved with addition in the ratio of CP-Fe: Mn from 1:5 
(qe =17.85 mg/g) to 1:25 (qe =46.38 mg/g). It should be noted that too 
high KMnO4 loading amount such as CP-Fe to Mn ratios of 1:30 and 1:40 
could lead to the reduction of Fe2+ adsorption ability. This phenomenon 
might be attributed to pore blockade which occurred from the existence 
of MnO2 with high amount on outer surface of CP-Fe, leading to the 
diffusion resistance of adsorbate. In addition, the CP-Fe-Mn in each ratio 
had higher capacities for Fe2+ adsorption than CP-Fe, except for CP-Mn. 
Therefore, CP-Fe-Mn at a ratio of 1:25 was selected for further studies. 

Fig. S2 presents the Fe2+ adsorption ability of each adsorbent. The 
efficiency of as-prepared adsorbent for Fe2+ removal based on qe value 
was in the order of CP-Mn > CP-Fe-Mn > Fe-Mn > CP-Mn-Fe > CP > CP- 
Fe > Fe. Here, all adsorbents oxidized by KMnO4 exhibited excellent 

Fig. 2. Magnetization curves of (A) CP-Fe at various ratios of Fe3+ to Fe2+ and 
(B) CP-Fe-Mn. 
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ability for Fe2+ adsorption. This could be attributed to the existence of 
two oxygen atoms of MnO2 coated on adsorbent surface, promoting the 
Fe2+ adsorption efficiency. The lowest ability for Fe2+ adsorption was 
found for Fe (qe =2.34 mg/g). Interestingly, the Fe2+ adsorption ca-
pacity was increased up to 20 times when Fe was modified by KMnO4 
(Fe-Mn). Comparing between CP-Fe-Mn with CP-Mn-Fe, one can see that 
CP-Mn-Fe exhibited lower efficiency for Fe2+ adsorption than CP-Fe-Mn 
even KMnO4 loading amount on them was the similar. This difference 
suggests that surface of CP-Fe-Mn was mainly covered by MnO2 while 
CP-Mn-Fe would be Fe3O4. It could be confirmed that the existence of 
MnO2 on adsorbent surface was greatly required for efficient adsorption 
of metal cation. Fig. S3 presents the adsorption capacities of Cr3+, Ni2+, 
Zn2+, Cu2+, Cd2+, Pb2+, As3+ and Hg2+. The CP-Fe-Mn exhibited the 
excellent adsorption performance of all types of heavy metals, especially 
for Pb2+ (qe =49.73 mg/g). It should be noted that four heavy metal ions 
such as Cd2+, Cr3+, Hg2+ and Pb2+ were selected for further investiga-
tion on their adsorption behaviors via virous effects such as pH, 
adsorption equilibriums, adsorption kinetics and adsorption thermody-
namics using CP-Fe-Mn since they exhibited high adsorption capacities. 
From these results, the CP-Fe-Mn could be possibly applied for selective 
removal of several metals from wastewater in environment and also 
easily separated by using a neodymium magnet. 

3.2. Characterization of adsorbent 

To confirm magnetic structure, the XRD patterns of as-prepared 
magnetic adsorbents are presents in Fig. 3. All samples clearly 
appeared the diffraction peaks at 30, 35, 43, 54, 57 and 63◦, which 
corresponded to (220), (311), (400), (422), (511) and (440) of Fe3O4 
crystal structure [22]. In general, the diffraction peaks at 29, 38 and 40◦

should be appeared for XRD pattern of MnO2 [8]. However, in this study, 
the diffraction peaks of MnO2 did not found, suggesting that it might be 
overlapped at the same position with Fe3O4 structure were about 30, 36 
and 43◦ [15]. The broad peaks at 2θ around 20− 30◦ were appeared for 
CP, CP-Fe-Mn and CP-Mn-Fe, according to amorphous carbon structure 
[18,23]. In addition, weaker intensity peaks of Fe3O4 was found for 
CP-Fe-Mn when compared with CP-Mn-Fe, resulting from the covering 
by MnO2. Fig. 4 presents the FT-IR spectra of as-prepared magnetic 
adsorbents. All samples exhibited the vibration peaks at wavenumbers 
of 3600− 3000, 1630 and 1030 cm− 1, which could be described on ox-
ygen groups such as − OH, -C = O and -C-O, respectively [24]. For 

magnetic adsorbents such as Fe, Fe-Mn, CP-Fe, CP-Fe-Mn and CP-Mn-Fe, 
the strong vibration peak was found at around 560 cm− 1, associating to 
Fe-O functional group [25]. For comparison, Fe sample presented 
highest intensity peak of Fe-O, probably due to high purity of Fe3O4. 
Here, as expected, higher intensity peak of Fe-O was observed for 
CP-Mn-Fe when compared with CP-Fe-Mn. These data were in good 
consent with XRD results in Fig. 3. The weak vibration peak at around 
500 cm− 1 was found for CP-Mn, which could be attributed to Mn-O 
functional group of MnO2. It should be noted that the wavenumber of 
MnO2 absorption peak was close to Fe3O4 absorption peak, leading to 
the overlapping in each other as obtained results of FT-IR spectra in 
Fig. 4. 

The morphologies of the as-prepared magnetic adsorbents and the 
presence of Fe and Mn elements were shown in Fig. 5. As observed, the 
surface morphologies of each adsorbent were craggy and uneven, 
resulting from the covering of Fe3O4 and MnO2 particles. In the case of 
CP without modification of Fe3O4 and MnO2, the surface morphology 
had smooth/flat (Fig. S5). The amounts of various elements such as C, O, 
Fe and Mn were provided in Table S2. As shown in Fig. 5, the EDS results 
also confirm that Fe and Mn elements were existed and well distributed 
on the surface of support. Table 1 and Fig. S4 show the surface charges of 
CP-Fe-Mn. Here, pHpzc value was applied to determine the surface 
charge properties of adsorbent. As achieved, the pHpzc value of CP-Fe- 
Mn was >8, suggesting that its surface was dominated by negative 
charge which occurred from the existence of MnO2 and C––O groups on 
the surface. Meanwhile, the all adsorbates used in this study had positive 
charge, leading to the excellent efficiency for adsorption process. The 
acidity and basicity of CP, CP-Fe and CP-Fe-Mn are shown in Table 2. It 
is found that the amounts of carboxylic, lactone and/or phenolic groups 
on CP surface were significantly decreased after coating by Fe3O4. 
Interestingly, the basic amount of CP was favorable enhanced from 2.26 
to 4.16 and 6.60 meq/g when compared with CP-Fe and CP-Fe-Mn, 
respectively. This should be described on the formation of Fe3O4 or 
MnO2 which occurred from reaction with HCl, resulting in the increase 
of basic amount on CP-Fe and CP-Fe-Mn. Here, the carboxylic groups on 
CP-Fe-Mn were clearly increased to be 0.15 meq/g when compared with 
CP-Fe (0.04 meq/g), resulting from oxidation reaction at − OH regions. 
In addition, the surface area of CP was 6.4 m2/g (Table 2). After Fe3O4 or 
MnO2 was coated onto CP structure, its surface area was further 
increased about 14 times. This indicates that the metal adsorption effi-
ciency was very well improved. As obtained result, it was different from 

Fig. 3. XRD patterns of as-prepared adsorbents.  
Fig. 4. FT-IR spectra of as-prepared adsorbents.  
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those reported ones, in which the surface area was always reduced by 
metal addition due to the pore blocking [25]. It is plausible that the 
contribution of Fe3O4 and MnO2 particles generated new extra- rough-
ness surface area and small pore on CP structure. 

3.3. Effect of pH on Cd2+, Cr3+, Pb2+ and Hg2+ adsorptions 

The effect of pH value adjusting for Cd2+, Cr3+, Pb2+ and Hg2+ ad-
sorptions using CP-Fe-Mn are shown in Fig. 6. One can clearly see that at 
low pH value in metal solution, high amount of H3O+ ion was generally 
existed and could be reacted with MnO2 (basicity properties), leading to 
the inability of CP-Fe-Mn for metal adsorption. It seems that the ability 

of metal adsorption was enhanced to some extent with an increase in pH 
value of metal solution. In the case of too high pH value in aqueous 
solution, Cr3+ and Hg2+ (at pH value of > 4) with Cd2+ and Pb2+ (at pH 
value of > 7) ions could initially slit with − OH to form the precipitates of 
metal hydroxides. Therefore, high capacities for Cd2+, Cr3+, Pb2+ and 
Hg2+ adsorptions at high pH value did not result from using CP-Fe-Mn. 
Meanwhile, the magnetic properties with separation efficiency of CP-Fe- 
Mn might be easily destroyed from the reaction between Fe3O4 with 
H3O+ at low or high pH value. Based on above result, it suggests that the 
adsorption process of metal cations using CP-Fe-Mn could be enough 
performed at neutral pH controlled under environmental conditions. 

The effects of metal desorption and regeneration/reusability did not 
investigate. Here, it may be exactly forecasted based on our previous 
works that the metal desorption ability was easily achieved by washing 
with nitric acid solution [8]. In the same way, Fe3O4 and MnO2 coated 
on CP surface could be also leached during washing with nitric acid 
solution, leading to ineffective reusability. However, considering on 
production cost of CP-Fe-Mn in Thailand zone, a total price was about 10 
USD/kg consisting of biochar (0.6 USD/kg), grinding charge (0.6 USD 
/kg), KMnO4 reagent (4.2 USD), Fe3O4 coating (3.3 USD), This indicates 
that as-prepared adsorbent was much lower-priced when compared with 

Fig. 5. SEM-EDS images of as-prepared adsorbents.  

Table 1 
Surface charges of CP-Fe-Mn in each metal solution.   

pHpzc pH in solution  

NaCl Cd2+ Cr3+ Pb2+ Hg2+

No adsorbent 6.89 5.60 3.14 4.93 4.49 
CP-Fe-Mn 8.62 7.07 4.30 7.93 7.93  

Table 2 
Characteristic properties of each adsorbents.  

Adsorbent BET surface Area (m2/g) Amount of functional groups (meq/g)   

Carboxylic Lactone Phenolic Acidity Basicity Total acidity and basicity 

CP 6.4078 0.0745 0.0359 4.0212 4.1316 2.2612 6.3928 
CP-Fe 90.1873 0.0400 0.0202 2.0115 2.0717 4.1561 6.2278 
CP-Fe-Mn 89.3853 0.1458 0.0355 0.3256 0.3769 6.5961 7.1030  
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commercial activated carbon (132 USD/kg). Meanwhile, CP-Fe-Mn also 
obviously presented higher metal adsorption efficiency than commercial 
activated carbon. Therefore, this is not necessary to be considered for 
regeneration process. 

3.4. Adsorption equilibrium 

In this study, mathematical six model such as Langmuir, Freundlich, 
Dubinin-Radushkevich, Temkin, Redlich-Peterson and Toth isotherms 
were used to describe the adsorption behavior and interaction of Cd2+, 
Cr3+, Pb2+ and Hg2+ onto CP-Fe-Mn. The details in each isotherm and 
their equations are also provided in SI [26–29]. Fig. 7 and Table 3 
present the results of equilibrium adsorption isotherms of Cd2+, Cr3+, 
Pb2+ and Hg2+ using CP-Fe-Mn which calculated from non-linear 
method. One can see that Langmuir model was very fitted based on R2 

value close to 1, comparing to Freundlich model. This indicates that 
adsorption behaviors of Cd2+, Cr3+, Pb2+ and Hg2+ were monolayer 
adsorption process over electrostatic forces, generating the covalent 
bonds. This behavior might possible to be chemical/physical adsorp-
tions due to monolayer adsorption mechanism. Here, the qmax of Cd2+, 
Cr3+, Pb2+ and Hg2+ adsorptions using CP-Fe-Mn were found be 18.60, 
19.92, 49.64 and 13.69 mg/g, respectively. Meanwhile, the metal 
adsorption capabilities were in the order of Pb2+> Cr3+> Cd2+> Hg2+. 
In the case of Temkin model, it is found that R2 values of Cd2+, Cr3+, 
Pb2+ and Hg2+ adsorptions were close to 1, indicating that all parame-
ters calculated in this model were acceptable. It should be noted that a 
maximum A value was found for Pb2+ ion, suggesting to strongest en-
ergy for equilibrium adsorption of Pb2+ onto CP-Fe-Mn surface. To know 
more details on adsorption process, E value calculated from 
Dubinin-Radushkevich model was also considered. As known that the 
range of E value at 8− 16 kJ/mol was referred to the chemisorption 
behavior [30], relating to adsorption behavior of CP-Fe-Mn with Pb2+

ion. The E values of Cd2+, Cr3+ and Hg2+ adsorptions were < 8 kJ/mol, 
suggesting to physisorption behavior. This phenomenon might be a 
reason that Pb2+ adsorption ability was much higher when compared 
the other metals. Interestingly, qs value from Dubinin-Radushkevich 
model was approach to qmax value from Langmuir model, suggesting 
to high propriety of applied model. The assumption of Langmuir model 
provided in this study was also supported with parameters such as g 
constant, Th and their R2 under Toth or Redlich-Peterson isotherm, 
verifying to monolayer adsorption mechanism. These results were in the 
good agreement with Langmuir model. Based on above results, 
CP-Fe-Mn had excellent potential for selective adsorption of heavy 

Fig. 6. Effect of pH value on the adsorption of Cd2+, Cr3+, Pb2+ and Hg2+ by 
CP-Fe-Mn. 

Fig. 7. Equilibrium adsorption of Cd2+, Cr3+, Pb2+ and Hg2+ by CP-Fe-Mn.  

Table 3 
Isotherms and their parameters obtained from equilibrium adsorption of Cd2+, Cr3+, Pb2+ and Hg2+ by CP-Fe-Mn.  

Adsorbent Metal ions Langmuir parameters Freundlich parameters   

qmax (mg/g) K (L/mg) R2 1/n KF R2 

CP-Fe-Mn 

Cd2+ 18.60 3.45 0.9977 0.14 14.06 0.9240 
Cr3+ 19.92 0.74 0.9996 0.08 14.53 0.9656 
Pb2+ 49.64 135.20 0.9986 0.03 48.06 0.7158 
Hg2+ 13.69 0.67 0.9992 0.09 9.69 0.9479  

Adsorbent Metal ions Temkin parameters Dubinin-Radushkevich parameters    

b A (L/mol) R2 qs (mg/g) B (mol2/J2) E (kJ/mol) R2 

CP-Fe-Mn 

Cd2+ 1120.15 574.47 0.9506 18.00 9.93E-08 3.17 0.8532 
Cr3+ 1673.35 12791.12 0.9720 19.14 1.33E-06 0.87 0.9493 
Pb2+ 1622.25 4.84E+13 0.9984 51.39 5.10E-09 14.00 0.8317 
Hg2+ 2310.02 5961.90 0.9590 13.06 1.09E-06 0.96 0.8852  

Adsorbent Metal ions Redlich-Peterson parameters Toth parameters    

A B g R2 qe
∞ KTh Th R2 

CP-Fe-Mn 

Cd2+ 67.64 3.70 0.99 0.9981 18.82 0.28 0.92 0.9980 
Cr3+ 51.90 3.32 0.94 0.9818 20.03 1.14 0.94 1.0000 
Pb2+ 6830.43 137.67 1.00 0.9987 49.70 0.01 0.95 0.9990 
Hg2+ 9.84 0.74 0.99 0.9997 13.81 1.17 0.91 1.0000  
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metal, especially for Pb2+ ion since highest values of qmax, qs and qe
∞ 

were certainly obtained in this study. 

3.5. Adsorption kinetic 

Fig. 8 presents the adsorption capabilities of Cd2+, Cr3+, Pb2+ and 
Hg2+ at different contact times using CP-Fe-Mn. As seen, a speedy 
adsorption of each metal was firstly commenced at contact time of 3 
min. Thereafter, the similar trends in each metal ions were gently 
enhanced which was close to equilibrium at contact time of 30 min. This 
spectacle may be described to the abundant existence of adsorption sites 
[31]. The specific factors obtained from adsorption kinetic model are 
presented in Table 4 . The details of adsorption kinetic and their equa-
tions are also provided in SI [32,33]. The adsorption kinetics of Cd2+, 
Cr3+, Pb2+ and Hg2+ onto CP-Fe-Mn surface were observed to be ruled 
over pseudo second-order (based on R2 > 0.99), suggesting a rapid 
adsorption behavior. In addition, the kinetic model in this study had 
high accuracy based on approximation of qe obtained from calculation 
and experiment. To derive more details for the adsorption behavior, 
Weber-Morris model was used to define the influence of intra-particle 
diffusion [34], and the result is presented in Fig. 9. 

The plots exhibited multi-linearity, suggesting that 2 steps of intra- 
particle diffusion were emerged from the adsorption procedure. From 
this experiment, the adsorption processes of Cd2+, Cr3+, Pb2+ and Hg2+

onto CP-Fe-Mn were complex with boundary layer diffusion process. As 
observed, the initial sharper portion was described to the instantaneous 
adsorption or exterior surface adsorption. The next portion was the last 
adsorption phase which intra-particle diffusion began to decelerate due 
to the low concentration amount of adsorbate in the aqueous solutions 
[35]. 

3.6. Adsorption thermodynamic 

Fig. 10 presents the effect of adsorption of Cd2+, Cr3+, Pb2+ and Hg2+

at different temperatures using CP-Fe-Mn. It is found that the adsorption 

capabilities of Cd2+, Cr3+, Pb2+ and Hg2+ using CP-Fe-Mn were 
increased to some extent with the increase in adsorption temperature. 
This phenomenon was generally attributed to the endothermic adsorp-
tion behaviour. Also, the increasing of temperature reduced the viscosity 
of solution, promoting a diffusion rate of ion athwart the exterior 
boundary layer as well as the interior porous of the CP-Fe-Mn structure. 
To assess the effect of adsorption temperature of Cd2+, Cr3+, Pb2+ and 
Hg2+, the thermodynamic process was studied. The details of adsorption 
thermodynamic and their equations are also provided in SI [36]. The 
factors obtained from thermodynamic study are presented in Table 5. As 
expected, the negative values of Gibbs standard free energy (ΔG) was 
obtained for all metal ions while ΔG value was significantly reduced 

Fig. 8. Effect of contact time for the adsorption of Cd2+, Cr3+, Pb2+ and Hg2+

by CP-Fe-Mn. 

Table 4 
Pseudo-first order and pseudo-second order kinetic model parameters obtained from effect of contact time for the adsorption of Cd2+, Cr3+, Pb2+ and Hg2+ by CP-Fe- 
Mn.  

Adsorbent Metal ions qe exp (mg/g) 
Pseudo-first-order Pseudo-second-order 

qe cal k1 R2 qe cal k2 R2 

CP-Fe-Mn 

Cd2+ 12.45 0.16 0.01 0.4554 12.37 0.70 1.0000 
Cr3+ 20.00 88.10 0.13 0.7612 20.23 0.04 0.9997 
Pb2+ 59.30 6.15 0.07 0.9284 58.41 0.13 0.9994 
Hg2+ 14.71 1.00 0.07 0.6588 14.67 0.53 1.0000  

Fig. 9. Intra-particle diffusion plot for adsorption of Cd2+, Cr3+, Pb2+ and Hg2+

by CP-Fe-Mn. 

Fig. 10. Effect of temperature for the adsorption of Cd2+, Cr3+, Pb2+ and Hg2+

by CP-Fe-Mn. 

P. Maneechakr and S. Mongkollertlop                                                                                                                                                                                                      



Journal of Environmental Chemical Engineering 8 (2020) 104467

8

when the adsorption temperature was increased from 303 to 328 K, 
attributing a spontaneous nature for Cd2+, Cr3+, Pb2+ and Hg2+

adsorption behaviours using CP-Fe-Mn. Here, the altering in free energy 
for chemisorption the range was in between − 80 to − 400 kJ/mol while 
physisorption process was in the range between − 20 to 0 kJ/mol. This 
indicates that range of ΔG values (− 4.05 to − 12.86 kJ/mol) obtained 
from Cd2+, Cr3+, Pb2+ and Hg2+ adsorptions using CP-Fe-Mn were 
indicated to be physisorption process [37]. The endothermic nature of 
Cd2+, Cr3+, Pb2+ and Hg2+ adsorptions with irreversible/randomness 
processes were proved since standard enthalpy (ΔH) and standard en-
tropy (ΔS) factors had positive values [38]. In addition, based on ΔH <
100 kJ/mol, physisorption behavior was also proved, suggesting in well 
agreement with Dubinin-Radushkevich isotherm result. As shown in 
Table 6, CP-Fe-Mn exhibited good results for adsorption abilities in each 
metal cation when compared with other adsorbents previously reported 
in several literatures. From these results, CP-Fe-Mn could be expected to 
be further applied as a promising low-cost/efficient adsorbent for se-
lective removal of heavy metals in environmental wastewater. 

4. Conclusions 

The CP-Fe-Mn was easily prepared via cheap process, and success-
fully utilized for facile adsorption of Cd2+, Cr3+, Pb2+ and Hg2+ ions 
from aqueous solution. The spent CP-Fe-Mn was easy to be recovered 
from aqueous solution by using a neodymium magnet, comparing to 
traditional activated carbon. The contribution of carboxylic group and 
MnO2 on CP surface as well as its basicity properties well promoted the 
adsorption efficiency, confirming by FT-IR Boehm titration and pHpzc 
results. ACC was found to be only favored for I2 molecular. For 
adsorption behaviors of Cd2+, Cr3+, Pb2+ and Hg2+ onto CP-Fe-Mn 
surface, they were well fitted based on R2 values close to 1 for non- 
linear isotherm/kinetic models. The highest qmax derived from Lang-
muir isotherm for Cd2+, Cr3+, Pb2+ and Hg2+ ions using CP-Fe-Mn were 
18.60, 19.92, 49.64 and 13.69 mg/g, respectively. The 2 step intra- 
particle diffusions of Cd2+, Cr3+, Pb2+ and Hg2+ ions onto CP-Fe-Mn 
were also found. Moreover, the thermodynamic study indicated that 
the adsorption behavior was physisorption and endothermic procedures. 
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