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Abstract—Rare earth elements are an important strategic resource. However, a trace of Fe(III) impurity has serious
adverse impact on the performance of rare earth materials. We synthesized a novel nitrogen-containing carbon mate-
rial, AC; 40, using lotus root as raw materials. The AC;y 4, Was characterized by surface area analyzer, elemental analy-
sis and FT-IR. The selectivity and removal efficiency of ACiy4 towards Fe(III) were also investigated. The BET
specific surface area of AC g Was 68.44 m*-g ", and the average pore diameter was 12.54 nm. With abundant nitro-
gen-containing functional groups and well-developed internal pore structure, AC;y 4, possesses strong adsorption
affinity, excellent selectivity and removal efficiency for Fe(III). The adsorption capacity of ACiy 4, towards Fe(III) could
reach to 0.46 mmol-g ', selectivity coefficient with respect to La(IIl) was 8.9, and removal efficiency was 99.61%. The
adsorption isotherm data greatly obey the Freundlich isotherm. In addition, AC;z 4, can be regenerated easily and pos-

sesses better regeneration ability and reusability.
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INTRODUCTION

As a typical metallic element, rare earth elements play an import-
ant role in our life. Lanthanum, the most important members of
the rare earth elements, possesses active chemical activity and abun-
dant reserves, which makes it widely used in traditional industries,
such as metallurgy, petroleum, glass, pottery and porcelain, agricul-
ture, textile and leather [1-4]. However, the non-rare earth impuri-
ties can seriously damage the performance of rare earth. Efficiently
removing these non-rare earth impurities is extremely significant
and received an increasing interest along with the development
and reform of industrial technology [5,6]. Numerous studies have
been carried out in the last century. Current methods of removal
impurity ions from rare earth include adsorption, electrochemical
process, membrane separation, chemical precipitation method and
solvent extraction [7-12]. But some of them have many flaws [13].
For example, electrochemical and chemical precipitation method
is expensive and the energy consumption is high. The service life
of membrane is short and this leads to the high operating cost.
The solvent extraction method easily causes secondary pollutants
[14]. However, adsorption method is simple and cheap, desorp-
tion rate is fast, the reusability of absorbent is strong. Therefore, it
becomes the first choice for removal of impurities [15]. There are
many kinds of adsorbents, such as activated carbon, molecular
sieve, resin, loess and fly ash [16,17]. Relying on the developed pore
structure, large specific surface area, excellent adsorption perfor-
mance, high chemical stability, and easy regeneration, porous acti-
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vated carbon becomes a hot spot of current research adsorbent
[18-22].

The raw materials of activated carbon mainly include agricul-
tural wastes, wood wastes, mineral materials, etc. Among them,
some precursors, such as oil and coal, are non-renewable resources.
Compared with them, agricultural wastes and industrial by-prod-
ucts, such as switchgrass, fruit shell, rice straw; plant seed and stalk
[23-26], corn straw; are not only low cost, vast sources, and more
environmental friendly, but also many of them have high N con-
tent which is advantageous to synthesis containing N carbon mate-
rials which possess higher adsorption properties than traditional
activated carbon [27,28]. In previous study, another activated car-
bon (ACyz700) was prepared using homemade urea formaldehyde
resin as raw material and its adsorption and recognition proper-
ties towards Fe(II) were studied [5]. However, the yield of urea
formaldehyde resin was low, the high carbonization temperature
(700 °C) resulted in high energy consumption, and the adsorption
capacity (0.23 mmol-g ') of AC;700 towards Fe(IIT) was low. So,
more affordable and high-performance adsorption materials are
Very necessary.

Lotus root is abundant and widely distributed in China. It can
be used as raw material to easily prepare activated carbon because
of its developed pore structure, high content of nitrogen and low
carbonization temperature (400 °C) like hemp [29] and ulva fasci-
ata [30]. In this study; the nitrogen-containing porous activated car-
bon ACig4 was synthesized at 400°C using lotus root as raw
materials, The ACy 4 Was characterized by surface area analyzer,
elemental analysis and FT-IR. Based on the characterization of pore
structure and surface properties, the selectivity, removal efficiency,
dynamics and isotherms of AC;y_ 4 towards Fe(III) in La(III) were
investigated. Simultaneously, the recognition mechanism was also
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analyzed.
EXPERIMENTAL

1. Material

Lotus root materials were obtained from a supermarket in the
North University of China. All other reagents were purchased from
Beijjing Chemical Plant (Beijjing, China, AR grade).
2. Preparation of AC g 4

For preparing AC;y 4, lotus root was smashed and washed with
distilled water to remove impurities, and then dried at 110 °C for
24h. Then 20 g of lotus root was mixed with 60 g of KOH in a
beaker. The mixture was heated to 300°C for 2h and then car-
bonized at 400 °C for 2 h with heating rate was 2 °C-min”". Finally,
the resultant samples (ACg.4) Were washed to neutral use dis-
tilled water, and then dried at 100 °C.
3. Characterizations

The N, adsorption-desorption curves were measured using a
surface area analyzer (Beijing JWGB BE-JW132F) by nitrogen ad-
sorption at —180°C using the BET method. Before being meas-
ured, the sample was degassed under vacuum at 220°C for 2 h.
Fourier transform infrared (FTIR) spectra of the sample were
measured on a Nicolet FT-IR 4800s (Shimadzu, Japan) spectrome-
ter using the traditional KBr pellet technique. The element con-
tent was appraised using Vario EL elemental analyzer (Elementar,
Germany) The X-ray photoelectron spectroscopy (XPS) was meas-
ured with an ESCALAB 250 (Thermo Electron).
4. Batch Adsorption Experiments of Activated Carbon Towards
Fe(I1I)
4-1. Adsorption Experiments

About 0.01g of ACjp, Was introduced into a conical flask
directly. 20 mL of Fe(III) aqueous solution with initial concentra-
tion (Cy) of 1.78 mmol-L ™" and pH of 2.5 was then added into the
conical flask. The conical flask was placed in a shaker at a preset
temperature. At different times, the adsorbent was separated using
the filter method from the solution and the concentrations (C,) of
Fe(III) solution were determined by inductive coupled plasma emis-
sion spectrometer. The adsorption capacity (Q, mmol-g ') was cal-
culated according to Eq. (1). In the study, the effects of adsorption
time, initial concentration, pH, and the dosage of adsorbent on
adsorption capacity and ion removal efficiency (R,5) were investi-
gated, respectively.

_ V(Co — Ct)
m

Q 1)

CO_Ce

R= ~x 100% 2)
where C, and C, are the concentration of metal ions at start and t
time in the solution (mmol-L™); V is the volume of the solution
(L); m is the weight of absorbent carbon material (g).
4-2. Competitive Adsorption Experiment

To investigate the selectivity and removal efficiency of activated
carbon towards Fe(III), a series of binary mixed solution of Fe(III)/
La(III) was prepared and batch adsorption was performed to eval-

uate the selective property by using distribution coefficient (K,)

March, 2018

and selectivity coefficient (k), which can be calculated according to
Eq. (3) and Eq. (4).
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4-3. Repeated use Experiment

Reusability is a critical measurable indicator to evaluate the prac-
tical application properties of adsorbent materials. Desorption of
adsorbed Fe(III) from sample was also carried out using hydro-
chloric acid (2 mol-L™") as eluent at 25 °C. To test the reusability of
ACir the adsorption-desorption procedure was repeated ten
times.

RESULTS AND DISCUSSION

1. Characterization

Fig. 1 shows the Fourier transformed infrared (FTIR) spectra of
ACy, prepared at different temperature.

FTIR was used to observe the structural characteristics of the
obtained sample. For materials, the absorbance peaks at 3,446, 1,400-
1,500 cm™" are ascribed to -OH and C=0 stretching vibrations,
respectively. Obviously, compared to other samples, the C=O vibra-
tion peak is stronger in AC;g 4, suggesting the carboxylic group is
richer. It also can be seen that the band between 1,500 and 1,650
cm™ is attributed to N-H stretching vibrations. These indicate that
activated carbon still retains a certain amount of functional groups,
such as hydroxy, carbonyl and amine groups after carbonization.
These groups are expected to be the active sites for metal cations.
This also can be confirmed from elemental analysis in Table 1.

The N, adsorption-desorption isotherms and pore size distribu-
tion curve are shown in Fig. 2. The pore properties of ACy_ 4 are
listed in Table 1.

The N, adsorption-desorption curves present characteristics of
activated carbons. As for AC;p 5, it is obvious that this gives a steep
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Fig. 1. FTIR spectra.
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Table 1. The elemental analysis and pore properties of AC; 40

Elemental analysis (W, %)

Structure parameter

C N H Sger Pore size Viotal
(m’g")  (mm)  (ecm’g")
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Fig. 2. N, adsorption-desorption curves and pore size distribution
curve.

type I isotherm with a small hysteresis loop of type H, [31,32]. The
adsorption and desorption curves were almost overlapped. This
indicates that a large amount of micropores with a highly narrow
pore size distribution were developed in ACig 4. As for ACig 40,
the curve is basically type II isotherm. Covered with mesoporous,
the pore size distribution in AC; 4 is wider. These also can be
obtained from pore size distribution curves in Fig. 2.

2. Kinetic Adsorption

The kinetic adsorption curves of AC;g 4 towards Fe(Ill) and
La(III) are shown in Fig. 3.

The adsorption of AC;g 4, towards Fe(IIl) and La(III) reached
equilibrium in 8h and 4h and the saturated adsorption capacity
was 0.46 mmol-g ' and 0.05 mmol-g ', respectively. The ACip.00
showed a better adsorption behavior for Fe(III) than La(III).

To understand the controlling mechanism of the adsorption pro-
cess, pseudo-first-order [33], pseudo-second-order [34] and intra-
particle diffusion models were applied for the experimental data to
examine the sorption kinetics. The results are listed in Table 2.

The pseudo-first-order equation is one general equation to de-
scribe the adsorption process:

Ln(Q~Q)=InQ~kit ®)

0.5

)

'

Q (mmol.g !

t(h)

Fig. 3. Adsorption kinetic curves of ACy 4 towards Fe(III) and
La(TII). pH=2.5, T=25 °C, C,=1.78 mmol-L ™' for Fe(III) and
0.72 mmol-L™* for La(III), dosage=0.5 g-L".

The pseudo-second-order model is more appropriate to describe
the adsorption kinetic behavior in which chemical sorption is the
rate-controlling step. The adsorption equation can be expressed as
follows:

1Q=1/(kQ)+1/Q, (6)

To illuminate the diffusion mechanism of adsorption kinetic,
intra-particle diffusion model was applied and its equation can be
expressed as follows:

Q=kt"”+C %

where Q, and Q, (mmol-g ") are the equilibrium adsorption capac-
ity and adsorption capacity at t time, respectively; k; (min"), k,
(g-mol "-min "), and k;, (mmol-g '-min"?) are the rate constant of
pseudo-first-order, pseudo-second-order and intra-particle diffu-
sion models; C (mmol-g ") is a constant related to the thickness of
the boundary layer.

The values of R’ for the second-order kinetic model were greater
than 0.99, and the calculated equilibrium adsorption capacity was
almost close to the experiment data. These indicate that the ad-
sorption of the ACp, towards Fe(IIl) and La(IIT) were well fit
with the second-order kinetic model, and the adsorption mainly
depends on the concentration of absorbents and the metal ions,
and the adsorption process was a chemical adsorption.

3. Adsorption Isotherm

The adsorption isotherms of AC;y 4, towards Fe(III) and La(III)
are presented in Fig. 4.

It is evident that the adsorption capacity increases with the ini-

Table 2. Kinetic parameters and correlation coefficients of three kinetic equations

Pseudo-first-order

Pseudo-second-order

Intra-particle diffusion

QJ/(mmol-g)  k/(min") R Q/(mmol-g")  ky/(g:mmol™"-min") R’ k/(mmol-g”'-min'?) R
Fe(III) 0.46 0.654 0.719 0.51 2.13 0.996 0.12 0.926
La(III) 0.03 0.708 0.816 0.06 165 0.990 0.02 0.772

Korean J. Chem. Eng.(Vol. 35, No. 3)
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Fig. 4. Adsorption isotherms of ACg 44, towards Fe(III) and La(III).
pH=2.5, T=25°C, dosage=0.5g-L"".

tial ion concentration. To further explore the adsorption mecha-
nism, both Langmuir and Freundlich models were applied to
interpret the experimental data. The Langmuir model [35] is used
successfully to characterize the monolayer adsorption. Whereas
the Freundlich isotherm [36] is used commonly to describe the
chemical adsorption with a heterogeneous energetic distribution
of active sites, along with interaction between adsorbed molecules.

Langmuir equation: C,/Q,=C/Q+1/(KQ) (8)
Freundlich equation: LnQ,=Lnk+(1/n)LnC, )

where Q, (mmol-g ) is the equilibrium adsorption uptake, Q (mmol-
g') is the theoretical adsorption capacity of sample for ions, C,
(mol-L™") is the equilibrium concentration of Fe(ITI) and La(ITI), K
(L-g’") is the Langmuir sorption constant relating the free energy
of adsorption, and n is the Freundlich parameters related to ad-
sorption uptake and adsorption intensity.

The isotherm constants and correlation coefficient (R?) are sum-
marized in Table 3. The R’ values indicate that the Freundlich equa-
tion affords a better interpretation of the experimental data than
does the Langmuir equation. Thus, the ACyy 4, adsorbed ions not
only by monomolecular layer, but also through chemical adsorp-
tion. These results are consistent with the results of FTIR and kinetic
adsorption data. And the applicability of amount of active func-
tional groups such as N-H and C=O coverage on AC g 4, Was con-
firmed.

4. Effect of pH

It is well-known that the pH plays a key role in controlling the

process of adsorption. It affects not only the surface charge of the

Table 3. Fitting parameters and correlation coefficients of Langmuir

and Freundlich
Langmuir Freundlich
Q(mmolg") K(@Lg") R k n R?
Fe(1II) 0.44 0.039 0971 340 258 0.986
La(III) 0.07 0.049 0959 325 200 0977
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Fig. 5. Effect of solution pH on the removal rate of AC;y 4, towards
Fe(III). T=25°C, dosage=5g-1"".

absorbent, but also the degree of ionization in solution. Fig. 5 shows
the influence of pH on adsorption capacity of AC;y 4, to Fe(III).

Clearly, the pH has an unignorable influence on the Fe(III)
removal efficiency, and the removal efficiency of ACy 4 towards
Fe(III) increases gradually with the increase of solution pH. The
maximum removal efficiency of Fe(IIT) was 87.7% at pH 2.5. At
lower pH, nitrogen atoms of activated carbon were protonated
entirely so the active sites were less available for metal ions, and
the activated carbon could not effectively interact with the metal
ions. With the increase of the solution pH, the protonation degree
of N atoms was lowered, which enhanced the coordination inter-
action. So, the metal ions can be more easily bound on the active
centers and the adsorption capacity increases with the increase of
the solution pH.
5. Effect of Dosage

The influence of adsorbent dosage on removal efficiency of
AC g 49 towards Fe(IIT) from pure Fe(III) solution and mixed Fe(IIT)/
La(III) binary mixture is shown in Fig. 6.

100 [
—a— Pur

F—e— Mix

1 " 1 " 1 . 1 . 1
2 4 [ 8 10

Adsorbent dosage (g.L” l)

Fig. 6. Removal rate of ACy 4 towards Fe(III) at different condi-
tion. T=25°C, pH=2.5.
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Table 4. Distribution coefficient and selectivity coefficient data

Initial concentration

-1

pH (mmol-L™) Kilg) (Fel/(La)
Fe(ll)  La(ll)  Fe(ll)  La(Ill)

2.5 1.78 0.72 0.537 0.060 8.95

2 1.78 0.72 0.215 0.024 8.96

As can be seen, the removal efficiency increases gradually with
increase of adsorbent dosage and becomes almost constant at ad-
sorbent dosage of 7.8 g-L™". This can be explained by the increase
of more binding sites and making easier penetration of metal ions
to the adsorption sites.

The removal efficiency of ACig 4 to Fe(III) from pure Fe(III)
solution was better than from mixture; the reason was that the bind-
ing site of activated carbon was limited, and a competitive adsorp-
tion exists between Fe(IIT) and La(III).

6. Adsorption Selectivity

The competitive adsorption of AC;y 4, towards Fe(III) in Fe(IIT)/
La(III) mixtures was researched by batch method. Table 4 sum-
marizes the data of the distribution coefficients and selectivity co-
efficients.

In Table 4, ACig 4, has high selectivity for Fe(III), and the selec-
tive coefficient can reach 8.95 at pH of 2.5. This is attributed to the
special electronic structure of La(III), which makes coordinating
ability of La(III) with N atoms weaker, while that of Fe(III) with N
atoms is stronger. So, the N atoms only coordinate with Fe(III)
and do not coordinate with La(IIT) when Fe(III) and La(III) exist
simultaneously. According to this analysis, ACip4 could selec-
tively remove Fe(Ill) from Fe(III)/La(Ill) mixture solution, and
AC; g 40 has excellent recognition selectivity towards Fe(III).

To analyze the adsorption and recognition selectivity mecha-

Table 5. XPS analysis

nism, XPS method was further used to study the surface chemi-
cal compositions of AC;g 4, Fe, and La. The XPS of ACiy 40 and
metal ion-loaded AC g4, Were determined, and the detailed de-
convolution results are listed in Table 5.

The signal of metal ion is observed in the spectra of metal ion-
loaded ACiy4 and this attests to the adsorption of AC; 4, towards
metal jons.

Some important laws can be also found from Table 3. First, the
binding energy of C and O has almost no change, and this indi-
cates that C and O did not coordinate with metal ions despite car-
boxylic groups being able to interact with metal ions. Secondly, a
new signal of N, Fe, and La was observed in the spectra of single
metal ion-loaded AC g 490 (AC;ru00-Fe and AC  40-La). The bind-
ing energy of N increases and that of Fe and La decreases. These
indicate that coordination bonds (N—Fe, N—La) are formed
between the lone pair electrons of N and unoccupied orbital metal
ions. The outer electrons migration of N makes N having higher
valence state, so the binding energy is increased. Lastly, the new
signal of N and Fe is also observed in spectra of double metal ion-
loaded ACig 400 (ACig.400-Fe/La), but the new signal of La is not
observed. This indicates that the N atoms only coordinate with Fe
and not with La when Fe and La exist simultaneously; and this is
attributed to the special electronic structure of La. The special elec-
tronic structure results in the weaker coordinating ability and larger
coordination number, and the La adsorbed by means of coordina-
tion could be replaced by Fe with stronger coordinating ability. Based
on the above analysis, AC;y 4, has excellent recognition selectivity
towards Fe(III) and ACiy 4, could selectively adsorb Fe(III) from
Fe(III)/La(III) mixture solution.

7. The Influence of Concomitant Metal Ion on Adsorption
Capacity and Selectivity

There are usually contained several kinds of metal cations in

actual rare earth solution including Na(I), K(I), and Ca(II), which

XPS peak FeCl, LaCl, ACipa00 AC g 400-Fe ACgy-La AC g 400-Fe/La

704.91 704.92

Fe(2py,) 706.95 706.79 706.74

718.10 71835

Fe(2p,) 720.14 720.13 720.10
834.69

La(3ds,) 836.24 836.02 836.29
853.79

854.97 854.83 854.63

C(1s) CH 284.32 284.25 284.31 284.26

c-O 285.21 285.31 285.25 285.28

Cc=0 28743 287.37 287.38 287.42

O(1s) 0=C 530.45 530.62 530.52 53043

O-H 532.14 532.15 53221 532.24

0-C 533.86 533.82 533.83 533.78

398.14 398.12 398.15 398.11

N() >N- 399.78 399.79 399.76

N 400.17 400.21 400.19 400.15

401.34 401.36 40133

Korean J. Chem. Eng.(Vol. 35, No. 3)
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Table 6. The adsorption capacity and selectivity of AC;y 4, towards
Fe(III) and La(III) under different concomitant ions

. . 1
Floncomltant ConcentraEllon Q (mmol-g) k (Fe/La)
ions (mmol-L™)  Fe(Ill)  La(IIl)

0.5 0.46 0.05 8.95
Na(I) 1.0 0.46 0.05 8.95
2.0 0.45 0.04 8.97
0.5 0.46 0.05 8.95
K() 1.0 0.46 0.04 8.96
2.0 0.45 0.04 8.97
0.5 0.44 0.04 8.94
Ca(II) 1.0 0.42 0.04 891
2.0 0.40 0.03 9.02

Note: The concentration of Fe(IIT) and La(III) is 1.78 and 0.72 mmol-
L™, respectively; dosage=0.5 g-L""; temperature: 25 °C; adsorption
time: 8 h; pH: 2.5

may lead to competitive adsorption against Fe(III) and La(III). The
adsorption capacity and selectivity of AC;p 4 towards Fe(III) and
La(IIll) under different concentration of concomitant ions (0.5-
2.0mmol-L™") was also investigated using batch method. The results
are listed in Table 6.

As can be seen in Table 5, the alkaline metal cation ions (Na(I)
and K(I)) have almost no suppressive effect on the adsorption
ability and selectivity of ACiy .4, towards Fe(III) and La(III), while
the adsorption capacity slightly decreases with increasing Ca(II)
concentration from 0.5 mmol-L™" to 2.0 mmol-L™". This is likely
attributed to ACiy .4 possessing stronger complexation ability with
heavy metal ions, and this indicates further that ACy 4, could
selectively adsorb Fe(III) from La(III) solution under the alkaline
and alkaline earth metal ions background.

8. Desorption and Reusability

To demonstrate the repeatability of the ACiy 4, adsorption-
desorption cycle towards Fe(II) was carried out ten times by batch
method. The result is shown in Fig. 7.

1 2 3 4 5 6 7 8 9 10
Adsorption-desorption cycle

Fig. 7. Adsorption-desorption cycle. T=25 °C, pH=2.5, dosage=8 g-
L
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The adsorption capacity of ACiy 4, decreases slightly in the first
four cycles, the removal percentage of Fe(III) was no less than 30%
in the four cycles. This may result from the collapse of some hole
structure and the disappearance of the functional group. This clearly
indicates that the AC;y 4, has excellent reusability.

CONCLUSIONS

A nitrogen-containing activated carbon, ACiy, Was synthe-
sized successfully using lotus root carbonized at 400 °C. The BET
specific surface of AC 4 Was 68.44 m’.g ", and the average pore
size was 12.54 nm. With its well-developed internal pore structure
and abundant functional groups, such as C=0 and N-H, ACiy 4
possesses strong adsorption performance and excellent recogni-
tion selectivity for Fe(IIl) in Fe(III)/La(IIl) solution. The maximum
adsorption amount towards Fe(IIT) was 0.46 mol-g . The adsorp-
tion process greatly obeys the Freundlich model. The removal effi-
ciency for Fe(IIT) was almost 100% at 7.8 g-L"". The selectivity co-
efficient to Fe(IIT) reaches 8.9. In addition, adsorbed ions can be
easily desorbed using diluted hydrochloric acid solution as eluent.
AC g4 is considered to be effective and promising adsorbent for
removing Fe(III) from La(III).
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