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a b s t r a c t
It is of great significance to effectively remove impurity such as Fe from rare earth elements because 
the trace of Fe(III) have serious damage to the performance of rare earth materials. In this study, 
a hair-based activated carbon (ACH*) was synthesized and characterized by surface area analyzer, 
Fourier transform infrared spectroscopy and elemental analysis. The identification and removal of 
the performance of ACH600 for Fe(III) in the La(III) solution was studied. The adsorption capacity of 
ACH600 for Fe(III) was 15.54 mg/g and the removal rate reached up to 98.6% by virtue of abundant 
nitrogen-containing functional group. The selectivity coefficient of ACH600 for Fe(III) was 8.3 relative 
to La(III). In addition, the ACH600 also has good regeneration and reusability.
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1. Introduction

Rare earth elements as a valuable strategic resource, are
widely used in metallurgy, military, new materials and other 
fields [1], in which high-purity of rare earths is indispens-
able [2–6]. Therefore, it is extremely important to effectively 
remove non-rare earth impurities in rare earths. To date, 
solvent extraction, ion exchange, and extraction chromatog-
raphy are commonly applied in the removal of impurities. 
However, the practical application of each approach was 
limited by its disadvantages [7–10]. Solvent extraction may 
cause wide-spreading and persisting pollution due to the 
extensive use of the organic phase. The ion exchange process 
is time-consuming and unsuitable for industrial production. 
Extraction chromatography consumes a large amount of acid 
and requires a purification device in mass production, which 
results in low economic efficiency. Comparing with the above 
mentioned traditional method, the adsorption method is 

more popular due to its higher efficiency, better repeatability 
and lower costs [11–15].

Activated carbon has been deemed as one of the most 
promising adsorbents, owing to its large specific surface area 
and flexible surface functional groups [16–25]. Based on these 
characteristics, the activated carbon synthesized by the spe-
cial method has been applied to the separation of substances 
in wastewater. AC-P700 was obtained by the activation of 
pea and was used in the elimination of aluminum from the 
lanthanum solution. The experimental results showed that 
the adsorption capacity of aluminum reached 0.53 mmol g–1 
demonstrating the excellent capability of activated carbon for 
the removal of trace amounts of aluminum [26].

In this study, nitrogen-doped activated carbon was man-
ufactured using hair and was characterized by surface area 
analyzer, elemental analysis, and Fourier transform infrared 
spectroscopy (FTIR). The adsorption tests of as-prepared 
activated carbon for Fe(III) and La(III) were performed. 
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The influences of pH values, contact time, adsorbent dose, and 
the ion concentration on adsorption ability were investigated.

2. Experimental

2.1. Material

Hair was collected from a barbershop in the North 
University of China. NaOH, FeCl3, All reagents were analyt-
ical (AR) grade.

2.2. Preparation and characterizations of ACH400, ACH500, ACH600

Firstly, hair was washed by distilled water and dried at 
353 K for 24 h. Then, 5 g of hair was soaked in 500 ml of 
NaOH aqueous solution with a concentration of 10 g L–1 for 
24 h. After filtrated and dried, the resultant hair was carbon-
ized in a charcoal furnace at 873 K for 2 h with a heating rate 
of 2 K min–1 and N2 flow of 50 mL min–1. Finally, the resultant 
samples were washed with distilled water until the filtrate 
was neutral and dried at 353 K for 24 h in a vacuum oven. 
The obtained material is expressed in ACH* (*represents 
carbonization temperature, such as ACH400, ACH600).

N2 adsorption–desorption curves of ACH600 were mea-
sured using surface area analyzer (Beijing JWGB BF-JW132F) 
by nitrogen adsorption at 77 K. Before measured, the sample 
was degassed under vacuum at 593 K for 2 h. FTIR spectra 
were performed on Nicolet FTIR 4800s (Shimadzu, Japan) 
spectrometer using the traditional KBr pellet technique. 
The element content was measured using Vario EL elemental 
analyzer (Elementar, Germany).

2.3. Batch adsorption experiments of activated carbon 
towards Fe(III)

2.3.1. Adsorption experiments

0.01 g of ACH400, ACH500, ACH600 was directly intro-
duced into a conical flask containing 20 mL Fe(III) aqueous 
solution with initial concentration (C0) of 40 mg L–1 and pH 
of 2.5. Then the conical flask was placed in a thermostatic 
water bath oscillator. The adsorbent was separated from the 
solution by filtration and the concentrations (Ct) of Fe(III) 
solution was measured with inductively coupled plasma 
emission spectrometer.

The adsorption capacity (Q, mg g–1) was calculated 
according to Eq. (1). In this study, the effects of adsorption 
time, initial concentration, pH, and the dosage of adsorbent 
on adsorption capacity and ion removal efficiency (R) were 
investigated, respectively.
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where C0 is the initial concentration (mg L–1); Ct is the concen-
tration at the t moment (mg L–1); V is the volume of solution 
(L); m is the dosage of absorbent ACH* (g); R is the removal 
rate.

2.3.2. Competitive adsorption experiment

The competitive adsorptions were carried out by a batch 
method. ACH* was added into a binary mixed solution of 
Fe(III) and La(III). After adsorption reached equilibrium, the 
concentrations of all metal ions in the remaining solutions 
were determined. Distribution coefficients (Kd) of Fe(III) and 
La(III) were calculated by Eq. (3). Selectivity coefficient (k) 
of ACH600 towards Fe(III) with respect to the species of 
competitor La(III) was calculated according to Eq. (4).
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2.3.3. Adsorption dynamics experiment

ACH600 was firstly filled in a glass column with a vol-
ume of 10 mL. Then the mixture solution of Fe(III) and 
La(III) was allowed to flow gradually through the column 
at a rate of 5 BV h–1. The initial concentrations of Fe(III) and 
La(III) were 10 and 100 mg L–1, respectively, and pH was 
adjusted as 2.5. The effluent was collected and concentration 
was determined. Then the adsorption dynamics curve was 
plotted.

2.3.4. Reusability tests

Reuse performance is an important factor in its appli-
cation. The ACH600 that saturatedly adsorbed Fe(III) was 
washed using 3 mol L–1 of nitric acid solution for 2 h. The 
Fe(III) adsorbed on ACH600 is eluted, and the carbon mate-
rial regenerates. Then adsorption-desorption experiments 
were repeated to test the reusability of ACH600.

3. Results and discussion

3.1. Characterization

The N2 adsorption-desorption isotherms and pore size 
distribution curves are shown in Fig. 1. The pore properties 
of ACH600 are listed in Table 1. It could be seen from Fig. 1 
that the adsorption curve of ACH600 exhibited a typical type 
II isotherm with a small hysteresis loop of type H3, and the 
N2 adsorption curve is coincident with the desorption curve. 
The results show that ACH600 has a large mesoporous struc-
ture and a wide range of pore size distribution, which was 
in agreement with the aperture distribution curve. There 
were many peaks in the pore size distribution curve, indi-
cating that the pore distribution of ACH600 is not uniform. 
As can be seen from Table 1, ACH600 has a relatively devel-
oped pore structure and rich nitrogen-containing functional 
groups. Heavy metal ions could be adsorbed by activated 
carbon-containing amino groups [25,32].

3.2. Fourier transform infrared spectroscopy

FTIR spectra of ACH600 is illustrated in Fig. 2. As can be 
seen from Fig. 2, the peak appeared at 1,540 and 3,430 cm–1 
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can be assigned to the deformation vibration and stretch-
ing vibration of the N–H bond, respectively. This indi-
cates that some amino groups were retained after activated 
carbonization.

3.3. Kinetics adsorption curve

The adsorption kinetics of ACH400, ACH500 and ACH-
600 towards Fe(III) and La(III) are shown in Figs. 3a and b.  
The adsorption towards Fe(III) and La(III) ions reached equi-
librium within 75 and 100 min, respectively. The saturated 

adsorption capacity of ACH600 for Fe(III) and La(III) is 15.54 
and 6.78 mg g–1, respectively. It was implied that ACH600 
possesses very strong adsorption ability towards Fe(III). 
The reason is that the ACH600 has developed pore struc-
ture and abundant surface functional groups, and Fe(III) ion 
could quickly pass the pore and combine with the active site 
(mainly amino groups) [33].

To further understand the adsorption kinetics of Fe(III) 
and La(III) on ACH600, The experimental data were fitted 
by the Lagergren-first-order, pseudo-second-order and intra-
particle diffusion model, and the results are listed in Table 2.

Lagergren-first-order:

Ln LnQ Q Q k te t e, ,1 1 1−( ) = −  (5)
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Intraparticle diffusion model:

Q k t Ct = +id
1 2  (7)

where Qe and Qt (mg g–1) are the equilibrium adsorption 
capacity and adsorption capacity at time t, respectively; 
k1 (min–1), k2 (g mg–1 min–1), and kid (mg g–1 min1/2) are the 
rate constant of Lagergren-first-order, pseudo-second-order, 
and intra-particle diffusion models; C (mg g–1) is a constant 
related to the thickness of the boundary layer.

From the linear correlation coefficient in Table 3, the 
adsorption of Fe(III) and La(III) on ACH600 obeys the 
pseudo- second-order kinetics model well. It can be con-
cluded that the adsorption processes of Fe(III) and La(III) 
are mainly related to the amount of adsorbent and the con-
centration of the solution.

3.4. Adsorption isotherm

The adsorption isotherms of ACH600 towards Fe(III) is 
presented in Fig. 4. To further explore the adsorption mech-
anism, both Langmuir and Freundlich models are applied 
to interpret the experimental data, and the result is listed in 
Table 3.

Langmuir equation:

C
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Freundlich equation:
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where Qe (mg g–1) is the equilibrium adsorption capacity, 
Q (mg g–1) is the theoretical adsorption capacity, Ce (mg L–1) 
is the equilibrium concentration, K (L g–1) is the Langmuir 
adsorption constant relating to the free energy of adsorption, 
k and n are the Freundlich parameters.
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Fig. 1. N2 adsorption-desorption isotherms and pore size 
distribution curve.

Table 1
Pore structure parameters

Surface properties Elemental analysis

SBET Pore volume Pore size N% C% H%

(m2 g–1) (cm3 g) (nm) – – –
145.46 0.22 6.12 1.94 2.72 1.82
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Fig. 2. FTIR spectra.
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From Table 4 it can be seen that the R2 for the Langmuir 
and Freundlich models were larger than 0.99, implying that 
both the Langmuir and Freundlich models are suitable for 
the adsorption of Fe(III) on ACH600. Thus, the applicability 

of monolayer coverage of Fe(III) on the surface of the 
activated carbon is confirmed.

3.5. Effect of temperature and pH

Both temperature and pH are important parameters 
during the absorption process. The influence of temperature 
is investigated at the range of 289–301 K under a pH of 2.5. 
As depicted in Fig. 5, the adsorption capacity of ACH600 for 
Fe(III) and La(III) increases with an increase of temperature 
in 289–301 K, suggesting that adsorption of Fe(III) and La(III) 
is an endothermic process and the elevated temperature is 
favorable for adsorption. Under the same experimental con-
ditions, the difference of adsorption capacity towards Fe(III) 
and La(III) can be observed, and the gap between the Fe(III) 
and La(III) became larger with as elevating temperature. The 
difference in adsorption capacities between the Fe(III) and 
La(III) was up to 10 g g–1 at a temperature of 300 K. It can also 
be demonstrated that the coordination interaction between 
the metal ion and the nitrogen-containing functional group 
is the main driving force for adsorption. That’s because lan-
thanum has a high molecular weight and can’t get through 
the holes in the ACH600. Therefore, with an increase in tem-
perature, the adsorption of iron increased more rapidly than 
that of lanthanum. The results show that ACH600 has a good 
ability for removal of Fe(III) in Fe(III)/La(III) mixed solution.
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Fig. 3. Adsorption kinetics curves (T = 25°C and pH = 2.5).

Table 2
Comparison of Fe3+ adsorption onto ACH600 other adsorbents

Number Adsorbents Qe (mg g–1) Adsorption condition Reference

T (°C)/PH/t (min)

1 ACUF700 13 25/2/100 [27]
2 FCS/AC 11.07 25/5/400 [28]
3 Tannic acid 1.77 25/4/60 [29]

Immobilized activated carbon
4 Activated carbon 0.019 /7/ [30]
5 Ch-P 9.88 25/3.5/120 [31]
6 Porous carbon 0 30/ [25]
7 ACH600 15.54 25/2.5/75 This study
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Fig. 4. Adsorption isotherm of ACH600 towards Fe(III) (T = 25°C 
and pH = 2.5).
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The influence of pH on the absorption of the metal ion is 
studied in the pH values ranging from 1.0 to 3.0. As shown 
in Fig. 6, the adsorption capacity increases with a rise of pH 
within the scope of this study. At lower pH values, the N 
atoms in the material are protonated, leading to lower affin-
ity of the active sites towards heavy metal ions. For another, 
excessive H+ also competes with metal ions, resulting in a 
decrease in adsorption capacity. Hence, with an increase of 
pH, the protonation degree of N decreases, and the metal 
ions are more easily combined with the active center on the 
ACH600, eventually increasing the adsorption capacity.

3.6. Adsorption selectivity

The competitive adsorption of Fe(III) in La(III)/Fe(III) 
mixtures on ACH600 is investigated by the batch method. 
The relevant results are shown in Table 5. It can be seen that 
the selectivity coefficient of Fe(III) on ACH600 is 8.3 relative 
to La(III), indicating that ACH600 has specific recognition 
selectivity towards Fe(III). This phenomenon is generated 
from the particularity of the outer electron structure of rare-
earth ions and the weaker coordination interaction between 
La(III) and N atoms compared with that of Fe(III) and N 
atoms.

3.7. Influence of adsorbent dosage on removal rate of Fe(III)

As seen from Fig. 7, for both single Fe(III) solution and 
mixed solution of La(III) and Fe(III), the removal rate of 
Fe(III) increases rapidly with increasing dosage of ACH600 
from (38.6%) to (99.9%), beyond which only a slight change 
can be observed. The removal rate is up to 99% when the 
dosage of ACH600 is 7.5 g L–1. The sharp increase of removal 
rate of Fe(III) is ascribed to the increased amount of func-
tional groups on the ACH600 surface. The results show that 

Table 3
Kinetic parameters and correlation coefficients of three kinetic equations

Ion Experiment Fe(III) La(III)

Value
Qe (mg g–1) 15.54 6.78

Lagergren-first-order Qe,1 (mg g–1) 16.7 9.92
k1 (min–1) 0.184 0.051
R2 0.9947 0.9849

Pseudo-second-order Qe,2 (mg g–1) 16 8.26
k2 (g/(mg min2)) 0.036 0.005
R2 0.9979 0.9988

Intraparticle diffusion kid (mg/(g min2)) 0.914 0.717
R2 0.9835 0.9599

Table 4
Fitting parameters and correlation coefficients of Langmuir and 
Freundlich equation

Langmuir Freundlich

R2 K (L mg–1) Q0 (mg g–1) R2 k n

0.9989 24.7 32.26 0.9925 1.24 1.44
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Fig. 5. Effect of temperature on adsorption capacity (pH = 2.5).
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ACH600 could remove Fe(III) efficiently in Fe(III)/La(III) 
mixed solution.

3.8. Column adsorption characteristics of ACH600 towards Fe(III)

To further demonstrate the selectivity and practical appli-
cation of ACH600, the solution of Fe(III) and La(III) with an 
initial concentration of 10 and 100 mg L–1 flowed through 
ACH600. The adsorption dynamics curve is shown in Fig. 8.

It can be seen from Fig. 8 that the leaking bed volume is 
119 BV for Fe and 13 BV for La(III). In addition, the leaking 
concentration of Fe(III) is less than 5 mg L–1 before 97 BV. This 
indicates that ACH600 can selectively remove Fe(III) from 
La(III) solution. This confirms again that ACH600 has high 
selectivity towards Fe(III).

3.9. Desorption and reusability

In order to further demonstrate the reusability of 
ACH600, adsorption and desorption experiments of Fe (III) 
and La (III) on ACH600 were carried out, as shown in Fig. 9.

It can be seen from Fig. 9, the adsorption capacity of 
ACH600 to Fe(III) almost remains constant during the 
adsorption/elution process of five cycles, which fully reflects 
the excellent regeneration and reuse performance of ACH600.

4. Conclusion

In this paper, a novel nitrogen-containing carbon mate-
rial ACH* was synthesized. The ACH600 has good adsorp-
tion ability for Fe(III), and the adsorption capacity can reach 
up to 15.54 mg g–1. The selectivity coefficient towards Fe(III) 
is 8.3 and the removal rate is 98.6 %. ACH600 can be used 

as an adsorbent for removing Fe(III) impurities from La(III). 
In addition, ACH600 could be regenerated using a diluted 
nitric acid solution as an eluting agent and exhibited excel-
lent reusability. According to the results of this study, the 
porous activated carbon possesses a promising application in 
the removal of trace amounts of Fe(III) from La(III).

Acknowledgments

The authors gratefully acknowledge the financial sup-
port of this work by the National Natural Science Foundation 
of China (21676258), Natural Science Foundation of Shanxi 
Province (201601D102021), Key Research and Development 
(R&D) Projects of Shanxi Province (201803D31061), and 
the International Scientific and Technological Cooperation 
Projects of Shanxi Province (201803D421080), Natural 
Science Foundation of Shanxi Province (201601D102021, 
2015021045).

Table 5
Distribution coefficient and selectivity coefficient data

Ion Kd (L/g) k
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