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Abstract
After treated with saturated iron(II) chloride water solution at pH ~ 2, pomelo peel was used as precursor for preparation 
of 3 biochar composites (named CFe1, CFe2 and CFe3, accordingly) via hydrothermal treatment and followed calcination 
in air, respectively. The as-obtained C/Fe biochar composites were studied with PXRD, SEM, EDS, UV–visible spectros-
copy and specific surface area device to analyze their phase, morphology, composition, capacity for light absorption 
and specific surface area. Furthermore, the adsorption and photocatalytic performances of the 3 biochar composites on 
rhodamine B (RhB) water solution were investigated. The experimental results show that the hydrothermal pomelo peel 
biochar composites have better adsorption performance in degrading RhB than that obtained from calcining pomelo 
peel in air, but opposite for the photocatalytic performance. The removal of imidacloprid (a pesticide) from water via 
CFe1 was also studied.
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1 Introduction

With the development of modern industry, the pollution of 
organic wastes to water system is getting worse. Organic 
pollutants in water can directly or indirectly poison aquatic 
organisms and humans [1–5], accelerate the destruction 
and degradation of the ecological environment, restrict 
the development of industry and cause economic losses 
[6–8]. Therefore, it is of crucial importance to seek efficient 
and inexpensive technologies for waste water treatment. 
Currently, organic pollutants treatment methods mainly 
include physical methods (adsorption, membrane sepa-
ration, etc.), chemical methods (photocatalysis, chemical 
oxidation, etc.) and biological methods [9–12]. Since plant 
residues have high adsorption capacity for organic pol-
lutants, and they are easily modified into adsorbents with 
high adsorption capacity, more and more researches have 

been conducted on the removal of organic pollutants by 
biomass materials [13–19]. Although a variety of adsor-
bent materials exhibit superior adsorption performance, 
the treatment of saturated adsorbent materials is chal-
lenged and secondary contamination is likely to occur [20, 
21]. Photocatalytic degradation technology, as an efficient 
pollutant treatment technology, has many advantages, 
mainly including high processing efficiency, no secondary 
pollution, simple operation and high removal efficiency 
for low concentration and refractory organic pollutants 
compared with traditional waste water treatment [22–24], 
however, photocatalysts that have been developed have a 
narrow response range to sunlight and a problem of poor 
stability [25–28]. Therefore, we try to combine the adsorp-
tion and degradation technologies to prepare several new 
iron-ion-contained biochar composites (CFe1, CFe2 and 
CFe3) that possess both the ability effectively to adsorb 
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and catalytically to degrade organic pollutants under the 
irradiation of visible sunlight.

2  Materials and methods

2.1  Materials and instruments

Pomelo peel was dried naturally before use. Iron(II) chlo-
ride tetrahydrate  (FeCl2·4H2O, 99.7%, Damao chemical 
reagent factory in Tianjin), hydrochloric acid (34–37%), 
Rhodamine B  (C28H31ClN2O3, Damao chemical reagent fac-
tory in Tianjin), Imidacloprid  (C9H10ClN5O2). Powder X-ray 
Diffraction Apparatus (Mini Flex600, Japan Science Com-
pany), scanning electron microscope (Phenom ProX, Fina 
Corporation), specific surface area and pore size analyzer 
(JW-BK122W), UV–visible spectrophotometer (TU-1950, 
Cape Analysis).

2.2  Pomelo peel modification

The pomelo peel was modified by one-step modification 
and two-step modification, respectively [29, 30].

2.2.1  Two‑step modification

1.74 g of dried pomelo peel was immersed in a saturated 
iron(II) chloride solution with pH ~ 2 for 7 days, then placed 
in a 100 ml reaction vessel together with 50 ml of the 
saturated iron(II) chloride solution to be hydrothermally 
treated at 200 °C for 5 h in an electric blast drying oven, 
then naturally cooled to room temperature, filtered, and 
the solid residue was dried at 100 °C and 1.17 g of black 
biochar composite was obtained (namely CFe1, yield 
~ 67.2% based on pomelo peel).

Another 2.73 g of pomelo peel was soaked in a satu-
rated iron(II) chloride solution with pH ~ 2 for 7 days, then 
loaded into a crucible and calcined at 300 °C for 2 h in a 
muffle furnace under air atmosphere, then cooled to room 
temperature in the furnace, 2.47 g of brown biochar com-
posite was harvested (namely CFe2, yield ~ 90.5% based 
on pomelo peel).

2.2.2  One‑step modification

2.54 g of dried pomelo peel together with 50 ml of a satu-
rated iron(II) chloride solution with pH ~ 2 were placed in 
a 100 ml reaction vessel to react in an electric blast drying 
oven at 200 °C for 5 h, then naturally cooled to room tem-
perature, filtered, the solid residue was dried at 100 °C and 
2.87 g of black biochar composite was obtained (namely 
CFe3, yield ~ 113% based on pomelo peel).

2.3  Characterization techniques

The phases of the 3 biochar composites were identified 
using powder X-ray diffraction (PXRD) on a MiniFlex600 
diffractometer (40 kV, 15 mA) with Cu Kα (λ = 0.15405 Å) 
in a 2θ range from 5° to 80°. The morphologies, contents 
and elemental distribution of the 3 samples were observed 
using a scanning electronic microscope (SEM) and an 
energy dispersive spectrometer (EDS) of Phenom proX 
with  CeB6 filament, working at 10 kV. The SEM samples 
were coated by gold on a SBC-12 ion sputtering instru-
ment. Specific surface area and pore size analyzer (JW-
BK122W) was used to analyze the specific surface area of 
the samples. The UV–visible diffuse reflection spectra were 
performed on a UV–Vis spectrophotometer (TU-1950, 
Cape Analysis) equipped with an integrating sphere. The 
UV–visible diffuse reflection data was converted to the fol-
lowing Kubelka–Munk function (F(R)). Tauc plots take hν 
as abscissa and (F(R)·hν)1/2 as ordinate.

2.4  Adsorption and photocatalysis

2.4.1  Preparation of target degradation product

0.020 g of RhB powder together with 1000 ml distilled 
water were loaded into a cleaned 1000 ml volumetric flask 
to prepare RhB solution with the concentration of 20 mg/l 
for use.

2.4.2  Photocatalysis methods

Photocatalytic experiments using the 3 composites in 
sequence were performed under the same conditions. 
Therefore, here the experiment with CFe1 is taken as an 
example and is described in detail. 0.1 g of CFe1 (CFe2: 
0.1 g; CFe3: 0.1 g in other cases) was added into 100 ml 
RhB solution with a concentration of 20 mg/l together 
with a magnetite bar, and the adsorption performance 
was conducted in a dark environment (dark reaction) 
with stirring for 0.5 h. Then the light source system was 
turned on, the photocatalytic performance started (light 
reaction), the magnetic stirrer kept stirring during light 
reaction, and the reaction temperature was kept at room 
temperature (~ 25 °C) by cooling water circulation, the 
xenon light source current was 16 A, the light source 
was visible light, wavelength range of 350–780 nm. Each 
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0.25 h during the reaction, a small amount of the solu-
tion was taken from the degrading tank, centrifuged, 
and the supernatant was taken and measured by UV–vis-
ible spectroscopy.

3  Results and discussion

3.1  Different preparation for iron‑ion‑doped 
biochar composites

The modified substance is a strong acidic ferrous chloride 
solution, which can improve the surface acidity and pore 
structure of the biochar. It is expected that CFe1 obtained 
by immersion activation and hydrothermal treatment will 
have better adsorption performance because prolonged 
immersion, high temperature and high pressure environ-
ment are favorable for the formation of pore structure; 
since calcination in air atmosphere is easy to form oxides, 
it is possible the pore structure will be blocked, the spe-
cific surface area of CFe2 will be small, which will affect its 
adsorption performance, but the photocatalytic perfor-
mance of the resulting semiconductor oxide may be bet-
ter than those obtained by hydrothermal treatment; the 
adsorption performance of CFe3 should be in the middle 
among the 3 biochar composites. The above reasonable 
inferences and predictions have also been verified through 
subsequent characterizations and experiments.

3.2  Morphology and composition

Figure 1a–c shows the images of CFe1, CFe2, CFe3 on the 
scanning electron microscopy (SEM). The surface of CFe1 is 
rough and porous with uniform pore size and a great deal 
of adsorption sites. The above characteristics are benefi-
cial to the adsorption of pollutants. The surface of CFe2 
is also rough and porous, but the pore structure is not as 
uniform as CFe1. The surface porosity of CFe3 is less but 
larger. These observed phenomena are consistent with the 
data of the specific surface area. Thus we can infer that 
hydrothermal treatment is more conducive to the forma-
tion of porous structures because of high pressure, and the 
adsorption and photocatalytic performances of CFe1 and 
CFe3 are better than that of CFe2.

Figure 1d–f shows the energy dispersive spectrometer 
analyses (EDS) of CFe1, CFe2 and CFe3. The contents of 
the contained elements were quantitatively analyzed. It 
can be observed from the figure that the surface of the 
samples mainly contains C, Fe, Cl and O elements. C and 
O are mainly related to the composition of pomelo peel, 
whereas Fe and Cl are mainly the result of modification.

3.3  Specific surface area analysis

The specific surface area is one of the important factors 
affecting the adsorption and photocatalytic performance. 
The specific surface areas of the 3 biochar composites are 
35.80 m2/g, 15.87 m2/g and 32.56 m2/g, respectively. The 
specific surface area of CFe1 is the largest, which is mainly 
the result of acidic ferrous chloride activation and hydro-
thermal carbonization. It is consistent with the results 
observed in the SEM photograph (Fig. 1).

3.4  Powder X‑ray diffraction analysis

Powder X-ray diffraction patterns of CFe1, CFe2 and CFe3 
are shown in Fig. 2. Compared with the standard cards 
(Serial number of the standard cards: 72-0268, 79-1741 
and 72-0268), it was found that the main peaks of CFe1 
and CFe3 are ferrous chloride dihydrate, the main peak of 
CFe3 is di-iron trioxide  (Fe2O3), whose grain size is about 
0.45 nm. These results demonstrate that  FeCl2·2H2O is dis-
persed as a main component to CFe1 and CFe3 biochar 
composites treated under hydrothermal conditions, while 
 Fe2O3 is employed as a main component to diffuse to CFe2 
biochar composite during sintered in air.

3.5  UV–visible absorption spectroscopy analysis

Figure 3 shows Tauc plots and the UV–visible absorption 
spectra of CFe1, CFe2, CFe3. From the Tauc curves, we can 
see that the forbidden band widths of the 3 biochar com-
posites are 3.0 eV for CFe1, 2.0 eV for CFe2 and 1.8 eV for 
CFe3, respectively. Therefore, it was found that CFe2 con-
tains α-Fe2O3. Nano-sized α-Fe2O3 is widely used in chemi-
cal catalysis and photocatalytic environmental treatment 
because of its large specific surface area, small particle 
size, more stable chemical properties, and high catalytic 
activity [31, 32]. Theoretically, the reduction of the forbid-
den band width is conducive to the adsorption of light, 
thus leading to higher photocatalytic activity.

By comparing the UV–visible absorption spectra of the 
3 biochar composites, we find for CFe1, the light absorp-
tion is the weakest in the whole region. In contrast, CFe2 
and CFe3 have relatively stronger light absorption, CFe3 
has stable absorption throughout the region and CFe2 
absorbs weakly in the range of 550–700 nm. This is in 
accordance with the result of the forbidden band width, 
therefore, CFe2 and CFe3 may have higher photocatalytic 
activity, too.

3.6  Adsorption and photocatalytic analysis

Figure  4 compares the degradation efficiency of RhB 
with the 3 biochar composites (CFe1, CFe2 and CFe3) as 
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photocatalyst under UV–visible light. As the figure shows, 
the adsorption of the 3 biochar composites in 30 min under 
dark reaction from strong to weak is CFe1 > CFe3 > CFe2 
(CFe1: 79.7%; CFe2: 35.5%; CFe3: 54.0%). This may be due 
to the fact that the surface of CFe1 is coarse and porous 
(Fig. 1a), with the largest specific surface area and the most 
uniform pore size. However, the order of photodegrada-
tion rate in the photoreaction phase is CFe2 > CFe3 > CFe1 
(CFe1: 12.5%; CFe2: 53.6%; CFe3: 33.9%). This is mainly 
attributed to the presence of α-Fe2O3 in CFe2. In general, 
the degradation capacities of the 3 biochar composites are 
almost equal in 105 min (CFe1: 92.2%; CFe2: 89.1%; CFe3: 
87.9%). Three products follow the law of fast-and-slow dur-
ing adsorption and photocatalytic process.

We weighed 0.20 g of CFe1 and CFe2 for cyclic testing, 
and found that their adsorption and photocatalytic effects 
were greatly reduced in the cycle test. The loss of photo-
catalyst is very serious. For example, CFe1 only had 5% 
(in weight) left after one cycle, and CFe2 25%, which may 
be attributed to operation and recycling largely, but the 
loss for CFe1 is more serious, so it is speculated that the 
 FeCl2·2H2O in CFe1 may be dissolved or changed during 
the photocatalytic experiment, and powder X-ray diffrac-
tion patterns have proved the change, Therefore, we can 
figure out that CFe2 is more stable than CFe1.

In addition, because of the excellent behavior of RhB 
photocatalysis, CFe1 was selected for degradation experi-
ment of a pesticide residue. A 0.10 g of CFe1 was weighed 

Fig. 1  a–c SEM images of 
CFe1 × 5000, CFe2 × 8000, 
CFe3 × 8000; d–f EDS spectra 
of CFe1, CFe2, CFe3 (inset: con-
tent of different elements)
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for adsorption and photocatalytic test of imidacloprid with 
the concentration of 10 mg/l. The adsorption was 18.7% 
in weight within 30 min, and the photocatalytic degrada-
tion in 90 min was 13.6% under irradiation of visible light. 
It can be concluded that CFe1 is selective for adsorption 
and degradation of different pollutants.

We also compared the pomelo peel biochar obtained 
by direct hydrothermal treatment and calcination without 
doping metal ion for modification [33]. And it turns out 
that the modified biochar composites have much better 
performance on removal of organic pollutants from water. 
Thus, the modification of biochar materials facilitates the 
adsorption and photocatalytic degradation of aqueous 
solutions of organic pollutants.

Fig. 2  Powder X-ray diffraction patterns of CFe1, CFe2, CFe3

Fig. 3  Tauc plots for CFe1 (a), CFe2 (b), CFe3 (c) and UV–visible absorption spectra of CFe1, CFe2, CFe3 (d)
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4  Conclusions

In general, the modified pomelo peel biochar composites 
with iron ion are efficient for the adsorption and photo-
catalysis of organic pollutants, the final capacities of the 
3 biochar composites after 105  min are almost equal 
and reach around 90% degradation of RhB. The biochar 
composites obtained via hydrothermal treatment have 
stronger adsorption performances with larger specific 
surface areas and more uniform pore sizes than the cal-
cined one, however, the calcined biochar composite has 
a better photocatalytic performance due to the existence 
of α-Fe2O3. The effect of the cycle test is not satisfying, but 
CFe2 is more stable than CFe1. By comparing the results 
of CFe1 on RhB and imidacloprid, we find that CFe1 is 
selective for adsorption and photocatalysis of different 
pollutants.

More researches are ongoing. On the one hand, to 
study how to enhance the stability of biochar compos-
ites so that there is no much loss in the cycle test. On the 
other hand, we continue to study the modification and 
activation of biochar materials and hope to improve the 
removal of pesticide wastewater by the low cost biochar 
materials in the near future.
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Fig. 4  UV–visible absorption spectra of RhB solution degraded by CFe1 (a), CFe2 (b), CFe3 (c) and the comparison of the degradation of RhB 
by CFe1, CFe2, CFe3 (d)
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