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Abstract 
Lignite-derived humin (CHM) was extracted from raw coal in Heihe City, China, producing calcium-modified lignite-derived 
humin (Ca-CHM) by Ca(OH)2. The physical and chemical performances of CHM and Ca-CHM were analyzed with SEM, 
13C spectra and XPS techniques. The results show that Ca-CHM exhibited weaker aliphatic, more aromatic polar compared 
with CHM, which improves the adsorption capacity for Cd(II). XPS analysis indicates that Ca(II) has been loaded onto 
Ca-CHM successfully after modification. This batch adsorption experiments report the adsorption performance of CHM 
and Ca-CHM for Cd(II). The adsorption process of CHM and Ca-CHM for Cd(II) conform to pseudo-second-order model, 
which is chemical adsorption, and the adsorption data presented good fits to the Langmuir model. The maximum adsorp-
tion amount (Qm) of Cd(II) onto CHM and Ca-CHM by the Langmuir model is 15.29 mg/g and 41.84 mg/g, respectively. 
Based on the results of SEM, 13C spectra, and XPS analysis, we concluded that the main adsorption mechanism of Ca-CHM 
on Cd(II) was ion exchange of Cd(II) for Ca(II), static-adsorbed and surface complexation. Therefore, Ca(II) can be loaded 
on the surface of Ca-CHM by chemical modification, improving the adsorption capacity of materials in aqueous solutions.

 * Zhanbin Huang 
 zbhuang2003@163.com

1 School of Chemical and Environmental Engineering, 
China University of Mining and Technology-Beijing, 
Beijing 100083, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s40789-022-00492-2&domain=pdf


 P. Wang et al.

1 3

   37  Page 2 of 11

Graphical abstract

Keywords Lignite-derived humin · Modification · Cd(II) · Adsorption · Mechanism

1 Introduction

Cadmium (Cd) is one of the most widespread and detri-
mental inorganic pollutants in the natural environment and 
its compounds can cause many serious diseases of human 
health (Singh et al. 2012; Sun et al. 2019). Many methods 
have been conducted to eliminate Cd(II) contamination 
in wastewater and soil, including physical, chemical, and 
biological methods. Among them, chemical method is one 
of the most popular and convenient method for its maneu-
verability, high efficiency, and low cost. Previous studies 
have been proven that humin can be a potential adsorbent 
for adsorbing heavy metals owing to its abundance and 
cost-effectiveness.

On the basis of the different separation characteristics, 
humic substances (HS) classified into humic acid (HA), 
fulvic acid (FA), and humin (HM) (Zomeren and Comans 
2007). FA is soluble in both alkaline and acidic solutions, 
HA is soluble in alkaline solutions, while HM is not solu-
ble insolutions. Much more work has only focused on HA 

and FA, while on the adsorption of heavy metals by HM 
(Rosa et al. 2018). Zhang et al. (2018) have reported that 
humin which was extracted from China’s typical black soil 
was proven to possess the Cr (VI) reduction capability. 
Although some investigations have been published on humin 
to adsorb heavy metals (Li et al. 2019; Qiu et al. 2021), these 
researches were based on the extraction of humin from soil 
to study the process, mechanism, and effect of heavy metal 
adsorption. However, no research has been carried out to 
explore the effect of lignitet-derived humin on heavy metals, 
mainly due to low adsorption ability of HM. Furthermore, 
a large of humin left as solid waste residue during the pro-
duction process of humic acid and fulvic acid from raw coal 
(Zhang et al. 2021). Owing to the use of alkaline and acid 
processes, the waste residue was always acid (pH 4–5) or 
alkaline (pH 9–10), and the adsorption capacity of metal 
ions is relatively low. The waste residue not only caused 
the waste of resources, but also posed a potential harm to 
environment. Therefore, how to improve the adsorption rate 
of heavy metals by waste residue and transform it into a 
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resource for heavy metal adsorption is an urgent problem 
to be solved.

The search for low cost technologies for the removal of 
heavy metals from the environment has gained interest in 
recent years. In this sense, the performance of natural or 
waste materials has been tested and promising results have 
been published. Relevant researches indicated that some 
materials through modification could improve adsorption 
capacity for heavy metals, such as sepiolite, biochar, and fly 
ash (Deng et al. 2018; Zhang et al. 2019a, b; He et al. 2020). 
Hydrochars modified by potassium hydroxide improved the 
Cd removal in water (Sun et al. 2015). Xue et al. (2012) 
proved that  H2O2 modified biochar increased the carboxyl 
groups which showed high Pb(II) removal efficiency. Wan 
et al. (2021) studied the effects of different cations on the 
adsorption of cadmium ions by montmorillonite, and found 
that the action mechanism of cations on cadmium ions was 
mainly ion exchange reaction, in which   Ca 2+ -mo ntm ori llon-
ite >  K+-montmorillonite >  Al3+-montmorillonite, indicat-
ing that sodium montmorillonite containing calcium element 
were more conducive to cadmium removal. He et al. (2018) 
investigated the adsorption of heavy metals by modified peat 
limestone, and found that the characteristic peaks of Na 1s, 
Ca 2p and Al 2p disappeared after the adsorption of heavy 
metals, indicating that  Na+,  Ca2+ and  Al3+ adsorbed heavy 
metal ions through ion exchange. Therefore, for improv-
ing the adsorption capacity of the lignite-derived humin, 
the calcium-modified lignite-derived humin was obtained 
using Ca(OH)2, so as to confirm the adsorption properties 
and explore the mechanisms of modified lignite-derived 
humin for Cd(II). A series of batch adsorption experiments 
were used to explore the influence factors for adsorption 
Cd(II), such as pH, initial ions concentrations, and reaction 
time. The adsorption mechanisms of CHM and Ca-CHM for 
Cd(II) were explored through SEM, 13C spectra and XPS.

2  Materials and methods

2.1  Materials

Lignite-derived humin was collected from Heihe City, 
located in Heilongjiang Province, China. The extraction 
and purification methods of humin were performed in the 
following steps (Zhang et al. 2013). In order to remove frac-
tions and carbonates, coal sample was mixed with 0.05 M 
HCl solution. The residue was repeatedly washed by 0.1 M 
NaOH solution at 25 °C until the colour of supernatants was 
very shallow. Next, using 0.5% HCl-HF solution to wash 
the residue three times so as to remove mineral elements, 
and washing the sample with deionized water until Cl-free 
 (AgNO3 inspection). Finally, we defined it as CHM after the 

purification of lignite-derived humin. It was dried at 50 °C 
and stored in an exsiccator for the subsequent experiments.

2.2  Preparation of modified lignite‑derived humin

Mixed CHM and Ca(OH)2 according to the mass ratio of 
3:2 (w/w) and put the mixture to the 2 L beaker, added 1 L 
deionized water for 5 days, then washed repeatedly the 
modified humin until pH = 7. Finally, it was dried to gain 
calcium-modified lignite-derived humin and defined as Ca-
CHM (Jochová et al. 2004).

2.3  Batch sorption experiments

Firstly, the background adsorption solutions of 0.1  M 
 NaNO3 were prepared. Then, Cd(NO3)2·4H2O was dissolved 
in the above solution for preparing the 5000 mg/L of Cd(II), 
and diluted to the definited concentration in a follow-up 
experiment.

In batch sorption experiments, put 50 mg sample and 
mixed with 40 mL Cd(II) solutions into a 100 mL plastic 
centrifuge tube. The initial solution pH was adjusted to 
six levels (pH = 2, 3, 4, 5, 6, and 7) with 0.01 M  HNO3 or 
0.01 M NaOH. The initial concentrations of Cd(II) were 
diluted to 10, 20, 50, 80, 100, 150 and 200 mg/L for the 
sorption thermodynamics. The Cd(II) solution of 100 mg/L 
was divided into seven reaction time gradients (5, 10, 20, 
40, 80, 120, 240, 360 min and 480 min) for the sorption 
kinetics. The plastic centrifuge tubes were shaken at 25 °C 
for 24 h to achieve equilibrium. Finally, the mixed solution 
was separated by 0.45 μm membrane filter and the clear 
filtrates were analyzed for Cd(II) concentrations by atomic 
absorption spectrophotometer. The CHM-Cd and Ca-CHM-
Cd samples were gained by centrifugation of the mixed solu-
tion from the sorption kinetics experiment to analyze the 
change of functional groups.

The adsorbed amount of Cd(II) is calculated as follows:

where Qe (mg/g) is the amount of Cd(II) adsorption, C0 
(mg/g) and Ce (mg/g) are the concentrations of Cd(II) at the 
initial and equilibrium concentration, respectively. V (mL) 
represents the volume of the suspension, and m (mg) repre-
sents the mass of the adsorbent.

2.4  Characterization analysis

The micromorphologies, structures and functional groups 
of CHM and Ca-CHM were analyzed with SEM (Hitachi 
S-4800), the 13C spectra (Avnce III 400) and XPS techniques 
(Thermo escalab 250XI). Among them, the samples of CHM 

Qe =
(C0 − Ce)V

m
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and Ca-CHM were coated with gold during electron micro-
scope scanning.

3  Results and discussion

3.1  Surface characteristics of CHM and Ca‑CHM

The surface morphologies of CHM and Ca-CHM were 
showed in Fig. 1a, b. CHM had a lot of sheet-like structure 
and possessed a smooth surface (Fig. 1a). The morphology 
of sample change from smooth surface to little particles and 
cracks after modification (Fig. 1b), which indicated that 
the smooth surface of CHM was corroded and dissolved by 
Ca(OH)2 attacks. Smaller aggregates were formed on the 
surface of the Ca-CHM after modification, probably associ-
ated to the presence of CaOH or CaO precipitates. Ca min-
eral forms may be present on the humin surface, it may be 

possible that a fraction of the Cd is bound to this mineral. 
On the other hand, the presence of Ca on the surface may 
promote Cd precipitation due to the liming effect of CaO 
or CaOH.

The 13C spectra were applied to analyze the chemi-
cal structure of CHM and Ca-CHM. As we can see from 
Fig. 1c, the 13C spectra of CHM and Ca-CHM had a similar 
shape, which was quite similar to the spectra of black soil 
humin samples that have been reported previously (Zhang 
et al. 2019a, b). The peaks of CHM and Ca-CHM included 
alkyl C (0–50 ppm), alkoxy C (50–100 ppm), aromatic C 
(100–145 ppm), phenol C (145–163 ppm) and carboxylic C 
(163–200 ppm). The peaks of Ca-CHM at 50–100 ppm and 
145–163 ppm increased after modification, which indicated 
that Ca-CHM had a higher content of alkoxy C and phe-
nolic C. Recent researches have demonstrated that hydroxyl 
groups and carboxyl groups of material surface played an 
important role in binding heavy metal ions (Andreas and 

Fig. 1  SEM micrographs of CHM (a) and Ca-CHM (b). The 13C spectra of CHM and Ca-CHM (c)
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Zhang 2014; Shi et al. 2018; Yang and Hodson 2018). There-
fore, the adsorption capacity of Ca-CHM on Cd(II) may be 
enhanced due to the increase of alkoxy C and phenolic C.

Table 1 represents the 13C spectra data of CHM and Ca-
CHM. Compared with CHM, Ca-CHM contained lager pro-
portions of alkoxy C, aromatic C and carboxylic C, while 
smaller proportions of –CH2– and phenolic C. However, 
CHM was more aliphatic, but the ratios of polar and aro-
matic polar were lower than that of Ca-CHM. The content 
of aromatic polar C in Ca-CHM, mainly carboxylic C was 
much higher than that of CHM, which could be more effec-
tive for the Cd(II) adsorption. –COOH is one of the most 
important functional groups affecting the adsorption of 
heavy metals. The content of COOH decreased after modi-
fication, indicating that  Ca2+ was loaded on the surface of 
(R-(COO)2Ca). According to the XPS analysis, the charac-
teristic peak of Ca was observed after calcification, which 
proved that Ca was loaded on the material surface. The con-
tent of phenolic C, CH–O– and CH–OH increased, which 
may be due to the use of Ca(OH)2 modification, and –OH 
was loaded on the material surface.

3.2  Adsorption studies of Cd(II) on CHM 
and Ca‑CHM

3.2.1  Effect of pH

Many researches have verified that the solution pH can affect 
the removal efficiency of heavy metal, which also influence 
the surface charge of materials and the morphology of heavy 
metals (Chen et al. 2017; Einollahi Peer et al. 2018). As 
manifested in Fig. 2a, the adsorption amounts of CHM on 
Cd(II) increased gradually with the increase of solution pH. 
However, when the pH value was in the range of 2–3, Cd(II) 
sorption onto Ca-CHM increased sharply, then the effect of 
changing pH on our research becomes less. Additionally, 
when pH value was 2, the adsorption amounts of CHM and 
Ca-CHM on Cd(II) were very low, which was due to the pro-
tonated surface of the humin (Naushad et al. 2016). Mean-
while, a large amount of  H+ was bound to the functional 
groups on the surface of CHM and Ca-CHM, resulting in 
these groups cannot adsorb Cd(II). The negative functional 

groups of CHM and Ca-CHM also increased with increasing 
pH, which was conductive to the combination of negative 
functional groups and Cd(II). It was worth noting that Cd(II) 
sorption on Ca-CHM was more steady than that of CHM in 
the solution pH range from 3 to 7, indicating higher acid 
neutralizing capacity of Ca-CHM.

3.2.2  Cd(II) adsorption isotherms

For further illustrate the adsorption mechanisms and exam-
ine the effect of different Cd(II) concentration onto CHM 
and Ca-CHM, the Langmuir isotherm model and the Freun-
dlich isotherm model were applied to simulate the adsorp-
tion isotherm data (Zheng et al. 2018).

The Langmuir isotherm is described as follows:

The Freundlich isotherm is described as follows:

where Qm (mg/g) is the maximum adsorption amount, 
Ce (mg/L) and Qe (mg/g) represent the concentration and 
adsorption amount of Cd(II) at equilibrium, respectively, KL 
(L/mg) is the constant referring to the adsorption energy, KF 
((mg/g) (L/mg)1/n) and n represent the constant of the bind-
ing energy and adsorption intensity, respectively.

The adsorption isotherms of CHM and Ca-CHM on 
Cd(II) were manifested in Fig. 2b. The adsorption capacity 
of CHM and Ca-CHM on Cd(II) increased correspondingly 
with increasing Cd(II) ions concentration. Additionally, 
the adsorption amount of Ca-CHM on Cd(II) significantly 
enhanced than that of CHM, which indicated that the modi-
fication was successful. Obviously, the excellent adsorp-
tion behavior of Ca-CHM on Cd(II) modification signified 
that Ca-CHM through Ca(OH)2 was beneficial for Cd(II) 
adsorption.

As showed in Table 2, the fitting parameters in the 
Langmuir and Freundlich equations were listed. Accord-
ing to the relative parameters, compared with Freundlich 
(R2 < 0.9788), the Langmuir model had the better fitting 

Qe =
QmKLCe

1 + KLCe

Qe = KFC
1∕n
e

Table 1  Distribution of carbon-
containing functional groups 
of CHM and Ca-CHM by 13C 
spectra

a Aliphatic C(%): total aliphatic C region (0–100 ppm)
b Polar C(%): total polar carbon region (50–100 and 145–200 ppm)
c Aromatic polar C(%): total polar carbon region (145–200 ppm)

Sample Chemical shift (ppm) and carbon assignment (%) Aliphatic C (%)a Polarb Aromatic 
polar C 
(%)c0–50 50–100 100–145 145–163 163–200

CHM 61.94 12.63 12.95 3.52 8.95 74.57 25.10 12.47
Ca-CHM 53.63 13.83 18.27 12.78 1.78 67.46 28.39 14.56
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curves and the highest R2 value (R2 > 0.9979), which sug-
gested that the Langmuir model expressed a better adsorp-
tion behaviors of Cd(II). In addition, the result revealed 
that the Cd(II) adsorption onto CHM and Ca-CHM was 
monolayer and homogeneous(Chen et al. 2019; Almomani 
et al. 2020). The maximum adsorption amounts of CHM 
and Ca-CHM for Cd(II) were calculated via the Langmuir 
fitting model, which was 15.29 and 41.84 mg/g, respec-
tively. The results indicated that Ca-CHM could greatly 
enhance the Cd(II) adsorption capacity after modification. 
The constants of the Freundlich model on CHM and Ca-
CHM was 5.9382 and 4.1580 (n > 1), respectively, indi-
cating that Cd(II) adsorption of CHM and Ca-CHM were 

Fig. 2  Effect of Cd(II) adsorption capacities by CHM and Ca-CHM 
in different pH levels (a), Cd(II) concentration (b) and reaction time 
(c) Experimental conditions: a [(Cd(II) concentration = 100  mg/L, 

contact time = 24 h, reaction temperature = 25 °C], b [pH = 5.5, con-
tact time = 24  h, reaction temperature = 25  °C], c [pH = 5.5, Cd(II) 
concentration = 100 mg/L, reaction temperature = 25 °C]

Table 2  Isotherm parameters of CHM and Ca-CHM to Cd(II)

Thermodynamic 
model

Parameter Sample

CHM Ca-CHM

Langmuir Qm (mg/g) 15.29 41.84
KL (L/mg) 0.1917 0.3621
R2 0.9979 0.9978

Freundlich KF(L/g)1/n 6.2469 14.9865
n 5.9382 4.1580
R2 0.9788 0.9422
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physical adsorption, and the adsorption process was easy 
to achieve (Zhang et al. 2013).

3.2.3  Cd(II) adsorption kinetics

As presented in Fig. 2c, the adsorption capacity of Cd(II) 
was rapid remarkably in the initial stage and reached the 
adsorption equilibrium at 20 min approximately, which 
signified that the surface of CHM and Ca-CHM had more 
vacant adsorption sites without adsorbing Cd(II) because 
of the limited reaction time (Alqadami et al. 2017; Huang 
et al. 2020). As the reaction time increased, more Cd(II) 
was adsorbed by anchoring sites onto CHM and Ca-CHM 
until the adsorption equilibrium. Additionally, the adsorp-
tion amount of Cd(II) increased after modification, which 
indicated that more adsorption sites onto Ca-CHM could 
adsorb Cd(II).

To explore the Cd(II) adsorption mechanisms onto CHM 
and Ca-CHM, pseudo-first-order and pseudo-second-order 
kinetic models were used to calculate adsorption rates and 
rate-limiting steps (Yang and Hodson 2018; Xiong et al. 
2019). The pseudo-first-order and pseudo-second-order 
could be expressed as the following equations (Wang et al. 
2019).

The pseudo-first-order kinetic model is described as 
follows:

The pseudo-second-order kinetic model is given as 
follows:

where t (min) is the contact time of adsorbate and adsorbent, 
k1 (1/min) and k2 (g/mg min) are the rate constants of two 
kinetic models.

Table 3 presents the adsorption kinetics parameters. 
The correlation coefficients (R2) of the pseudo-second-
order model (R2 = 0.9998, 0.9991) were 0.9998 and 0.9991, 
respectively, while those of the pseudo-first-order model 

Qt = Qe(1 − e−k1t)

Qt =
k2Q

2
e
t

1 + k2Qet

were 0.6329 and 0.8338, respectively, illustrating that the 
pseudo-second-order model was applicable to explain the 
sorption results. Similar researches have been revealed for 
the adsorption kinetics of heavy metals on the surface of 
carbon nanotube (Deng et al. 2019), polydopamine micro-
spheres (Sun et al. 2019), which indicated that the adsorp-
tion processes were mainly based on chemical adsorption 
(Zhou et al. 2018; Ahmad et al. 2020).

3.3  XPS analysis

Based on the above results, adsorption capacity of Ca-CHM 
for Cd(II) was much higher than CHM’s, which suggested 
that the surface chemistry took part in the adsorption process 
of Cd(II). For further clarify the Cd(II) adsorption mecha-
nisms, CHM and Ca-CHM before and after Cd(II) adsorp-
tion were analyzed with XPS (Fig. 3).

The survey XPS spectra of CHM and Ca-CHM before 
and after Cd(II) adsorption were observed in Fig. 3a. The 
characteristic peaks of Si 2p, C 1s and O 1s were observed 
onto the surface of CHM, and the peaks of Ca(II) appeared 
on Ca-CHM after modification, which illustrated that the 
Ca(II) species were successfully attached to Ca-CHM’s sur-
face. The peaks of Cd(II) were clearly observed after the 
Cd(II) adsorption, which might be due to that the pore and 
active functional groups were onto the surface of CHM and 
Ca-CHM through ion exchange, static-adsorbed and surface 
complexation to Cd(II) adsorption. In addition, the peaks 
of Cd(II) on Ca-CHM-Cd were higher than those of CHM-
Cd, which revealed that the binding capacity of Ca-CHM 
was more outstanding. The peaks of Ca(II) on Ca-CHM-Cd 
were smaller than those of Ca-CHM, indicating that Ca(II) 
took part in the Cd(II) reaction via ion exchanges. Related 
research showed that Ca(II) is the main mechanism of Cd(II) 
adsorption from aqueous solution (Chen et al. 2017). Ca-
CHM had much higher sorption capacity than that of CHM 
due to high Ca(II) ion exchange capacity of Ca-CHM. Fur-
thermore, in order to further explore the types of functional 
groups bound to Cd(II), narrow-spectrum orbitals of C 1s 
and O 1s was analyzed for next.

C 1s XPS spectra peaks onto CHM and Ca-CHM before 
and after Cd(II) adsorption were analyzed. As we can see 
from Fig. 3b, the major C 1s peaks at 284.59–284.79 eV, 
285 .40–286 .58   eV,  286 .53–286 .94   eV  and 
288.46–289.51 eV were classified as C–C or C–H groups, 
C–O groups, C=O groups and O–C=O groups, respectively. 
The distribution of carbon-containing functional groups was 
briefly summarized in Table 4. Compared with CHM, the 
values of element (C=O and O–C=O) on CHM-Cd’s sur-
face decreased by 22.49%, 5.54% and 1.59%, respectively, 
indicating that these functional groups made a contribution 
to Cd(II) adsorption to some extent. The percentage of C–O 

Table 3  Kinetics parameters of CHM and Ca-CHM to Cd(II)

Kinetic model Parameter Sample

CHM Ca-CHM

Pseudo-first-order parameters Qe (mg/g) 16.46 31.33
k1 (1/min) 0.3880 0.3840
R2 0.6329 0.8338

Pseudo-second-order parameters Qe (mg/g) 27.47 42.37
k2 (g/mg min) 0.2103 0.040
R2 0.9998 0.9991
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and C=O of CHM increased after modification, while the 
percentage of O–C=O decreased significantly.

After Cd(II) adsorption, the percentages of C=O and 
O–C=O of CHM–Cd decreased by 4.86% and 42.28% 
(Table 4), respectively, indicating that the above functional 
groups involved in the reaction of Cd(II). After modifica-
tion, the percentages of C–O and C=O increased, while 
the percentages of O–C=O decreased significantly. Fig-
ure 2a, b shows that Ca (OH)2 has the effect of corrosion 

and dissolution on the material, which inferred that the 
decrease of O–C=O may be caused by the fracture of 
chemical bond during the modification process, result-
ing in the increase of C=O and C–O. Compared with 
Ca-CHM, the content of C–O–C, C–OH, and COOH on 
the surface of Ca-CHM-Cd decreased by 22.49%, 5.54%, 
and 1.59%, respectively, indicating that these functional 
groups contributed to the adsorption of Cd(II). Therefore, 

Fig. 3  XPS survey spectra (a), C 1s (b) and O 1s (c) of CHM and Ca-CHM before and after Cd(II) adsorption
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C–O and C=O groups can be increased by modification, 
which promotes the adsorption of Cd(II).

It was found that the amount of C–C or C–H groups 
reduced, while those of the C–O, C=O, and O–C=O groups 
clearly increased after modification, indicating that Ca-CHM 
had higher oxygen content.

As manifested in Fig. 3c, the O 1s XPS spectra peak 
onto CHM and Ca-CHM could fit the three curves well: 
–C=O groups at 532.45–532.71  eV; C–OH or C–O–C 
groups at 533.38–533.71  eV and –COOH groups at 
535.16–535.44 eV. The shifts of –C=O peak, C–OH peak 
and –COOH peak after Cd(II) adsorption revealed that the 
electrons were observed to migrate to the oxygen atoms, 
which signified that ion exchange and surface complexation 
occurred between the functional group and Cd(II) (Bi et al. 
2020). The oxygen contents in different forms onto CHM 
and Ca-CHM were summarized in Table 4. The results indi-
cated that the quantity of COOH groups and C–O–C groups 
decreased after modification while that of the C=O groups 
clearly increased after Cd(II) adsorption. These changes 
in oxygen contents indicated that they participated in the 
adsorption reaction of Cd(II) onto CHM and Ca-CHM. The 
O/C ratio reflects the content of oxygen-containing func-
tional groups such as carboxylic acids in organic materials. 
Previous studies have proved that the O/C ratios of lignite 
humic acid and weathered coal were about 0.4 and 0.82, 
respectively (Gonzalez-Vila et al. 1994; Wang 2018). How-
ever, CHM was extracted from the residue of brown fulvic 
and fulvic acids, which were always abandoned owing to its 
large molecular weight, few oxygen-containing functional 
groups and low utilization value. As a kind of macromolecu-
lar organic compounds in humus, humin has large molecular 
weight and is difficult to degrade, accounting for about 50% 
of the total organic carbon. Furthermore, on the basis of 
its non-solubility, humin plays a crucial role in the accu-
mulation, transformation, migration and bioavailability of 
heavy metal pollutants in soil. Bai et al. (2000) had con-
firmed that the molecular weight of humic acid was related 
to the complex stability constant of heavy metals. Compared 
with fulvic acid with smaller molecular weight, humin is 

more conducive to passivate heavy metals. Additionally, 
the adsorption of CHM for heavy metals was relatively sta-
ble, but the adsorption capacity was low. The adsorption 
capacity for Cd(II) was greatly improved by modifying the 
performance. The difficulty of calcium based modification 
was how to load  Ca2+ on the surface of CHM, which mainly 
utilized the corrosiveness of Ca(OH)2 to erode and dissolve 
CHM, breaking the chemical bond of oxygen-containing 
functional groups on the surface of Ca-CHM, and  Ca2+ 
was successfully loaded on the surface of Ca-CHM, so as 
to improve the adsorption efficiency of heavy metals and 
realize the resource utilization of waste residue. However, 
we didn’t infer the important parameters after calcification 
via the current test, such as the bond energy, bond length 
among different oxygen-containing groups on the surface of 
Ca-CHM and  Ca2+, as well as the loading amount of  Ca2+. 
Therefore, further research is needed in the future work.

4  Conclusions

In this work, lignite-derived humin (CHM) was extracted 
from raw coal, then achieving modified lignite-derived 
humin (Ca-CHM) through Ca(OH)2, which were used for 
highly efficient adsorption of Cd(II). Compared with CHM, 
Ca-CHM exhibited a higher content of alkoxyc and carbox-
ylic C, and owned a more preferable adsorption capacity 
(41.84 mg/g) of Cd(II). Meanwhile, the adsorption process 
onto CHM and Ca-CHM reached equilibrium within 20 min 
approximately. The adsorption data of CHM and Ca-CHM 
were in good agreement with the Langmuir isotherm mod-
els and pseudo-second-order kinetic models. Addition-
ally, XPS analysis was applied to explore the adsorption 
mechanisms. It was attributed to many oxygen-containing 
functional groups being presented in lignite-derived humin, 
which might be adsorption Cd(II). The content of oxygen-
containing functional groups onto Ca-CHM’s surface obvi-
ously increased after modification, which could significantly 
enhance their adsorption capacity. The adsorption mecha-
nism of Cd(II) was cation exchange of Cd(II) for Ca(II), 

Table 4  Distribution of carbon- and oxygen-containing functional groups in CHM and Ca-CHM surface before and after Cd(II) adsorption

Elements Functional groups CHM CHM-Cd Ca-CHM Ca-CHM-Cd

BE (eV) RE (%) BE (eV) RE (%) BE (eV) RE (%) BE (eV) RE (%)

C 1s C–C/C–H 284.60 43.47 284.62 48.80 284.59 38.14 284.79 46.09
C–O 285.48 23.76 285.40 27.06 286.58 30.19 285.80 23.40
C=O 286.62 13.98 286.53 13.30 286.89 16.62 286.94 15.70
O–C=O 288.52 18.78 288.46 10.84 289.51 15.05 289.27 14.81

O 1s C=O 532.71 34.50 532.75 34.65 532.45 42.75 532.46 50.94
C–OH/C–O–C 533.67 52.87 533.71 55.90 533.53 45.42 533.38 39.51
COOH 535.40 12.63 535.44 9.45 535.34 11.84 535.16 9.54
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static-adsorbed and surface complexation. These results 
suggest that modified lignite-derived humin as a potential 
absorbent improve the adsorption performance of Cd(II).
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