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Abstract
In recent years, the removal of hexavalent chromium by green iron nanoparticles (FeNPs) has attracted attention due to 
the environmental friendliness, low price, and good durability of this adsorbent. In this paper, a new synthetic method was 
developed and optimized under the aspects of improved synthesis yield and Cr(VI) removal. For the first time, peel extracts 
of yali pear and FeSO4 were employed in the synthesis of FeNPs (YL-FeNPs), and the synthesis conditions were optimized 
for five factors including extraction temperature, extraction time, peel mass, Fe2+-extract ratio, and drying method. For 
optimized synthesis conditions, the following parameters were determined: 27 g of pear peel was extracted with 360 mL of 
50 vol% ethanol solution in water at 80 °C for 60 min, the Fe2+-extracts volume ratio was 1:1, and vacuum freeze drying 
was employed. The optimized YL-FeNPs formed particles of irregular shape with a size in the range of 40–80 nm. As the 
initial Cr(VI) concentration decreased and the adsorption temperature increased, its removal efficiency improved. After 
2 h, a Cr(VI) removal efficiency of 96.8% was achieved for a solution with an initial Cr(VI) concentration of 12 mg/L. The 
adsorption of Cr(VI) conformed to pseudo-second-order kinetics and the Langmuir adsorption isotherm model. YL-FeNPs 
exhibited a maximum adsorption capacity of 43.99 mg/g at pH = 5 and 55 °C and demonstrated good adsorption performance 
in solutions with coexisting anions and real natural water. This research can support the recycling of pear peel waste and 
provide technical aspects for improving the synthesis efficiency of FeNPs.
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1  Introduction

Chromium (Cr) pollution is frequently present in wastewa-
ter of the leather, electroplating, steel, and other industries 
[1–3]. Cr mainly appears in two forms, Cr(VI) and Cr(III), 
of which the toxicity and solubility of Cr(VI) are much 
higher than those of Cr(III). Hexavalent chromium requires 
treatment as it threatens ecological environment and the 

human health [4]. The adsorption method is widely used 
in the Cr(VI) removal mainly because of its easy operation. 
Iron nanoparticles (FeNPs) are one of the most widely used 
repair agents in the adsorption method [5–8]. In the tradi-
tional chemical synthesis method using sodium borohydride 
for the preparation of FeNPs, toxic substances are employed 
or produced, and energy consumption is high. Green syn-
thesis methods of nanomaterials use natural materials such 
as plants and microorganisms to synthesize the materials 
and possess the advantages of environmental friendliness, 
fast synthesis, and possible resource recycling [9]. Previ-
ously, banana peel [10], pomegranate peel [11], tangerine 
peel [12], lemon peel [13], apple peel [14], and the leaves 
of a variety of plants [15] were used to synthesize FeNPs, 
which were employed for the pollutants removal in water.

To improve the application advantages of green FeNPs 
and reduce preparation cost, many scholars have optimized 
the synthesis method of FeNPs. The effects of extraction 
time, extraction temperature, and leaf-water ratio on the 

 *	 Jinye Wang 
	 2005010@glut.edu.cn

1	 College of Environmental Science and Engineering, 
Guilin University of Technology, 319 Yanshan Street, 
Yanshan, Guilin 541006, People’s Republic of China

2	 Shandong Engineering and Technology Research 
Center for Ecological Fragile Belt of Yellow 
River Delta, Binzhou University, 391 Huanghe 
5th Rd, Bincheng District, Binzhou 256600, 
People’s Republic of China

Biomass Conversion and Biorefinery (2024) 14:4355–4368 

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-022-02464-7&domain=pdf


Biomass Conversion and Biorefinery (2024) 14:4355–4368 

1 3

antioxidant properties of the extract were studied in the water 
extraction of Amaranthus dubius leaves [16]; a greater FeNP 
yield could be achieved when high-concentration extract and 
iron(III) chloride (FeCl3) were used for the synthesis. Liu 
[17] studied the effect of temperature in the extraction of 
Eucalyptus leaves on the removal of hexavalent chromium 
and found the highest removal efficiency for the FeNPs pre-
pared from the extract obtained at an extraction temperature 
of 80 °C. During the process of using fresh Mentha piperita 
leaves and FeCl3 to synthesize FeNPs [18], the particle size 
of FeNPs was the smallest when the Fe3+-extract volume 
ratio was 1:1.5. Some scholars have used Eichhornia cras-
sipes leaf extract [19] or Citrus maxima bark extract [20] 
and FeCl3 to synthesize FeNPs and studied the effect of 
Fe3+-extract ratio on Cr(VI) removal by the prepared FeNPs. 
The optimal Fe3+-extract volume ratio was finally set as 1:1 
and 1:3. FeNPs synthesized from red peanut peel extract and 
FeCl3 exhibited a much smaller particle size when applying 
vacuum drying compared to air drying [21].

In studies on the synthesis and optimization of FeNPs, the 
Cr(VI) removal efficiency of FeNPs synthesized with FeCl3 
increased with the increase in the volume of the extract 
[19, 20] because the extract but not Fe3+ contributes to the 
removal of Cr(VI) [19]. The removal efficiency of heavy 
metals by FeNPs synthesized with FeCl3 [17] and iron(II) 
sulfate (FeSO4) [22] first increased and then decreased as the 
volume of the extract increased. With continuing increase 
in the volume of the extract, the excess biomass coated on 
FeNPs increased the particle size and reduced the activity 
of FeNPs [23]. The Cr(VI) removal efficiency of FeNPs 
synthesized with FeSO4 decreased with increasing volume 
of the extract [24], while the removal efficiency of methyl 
orange increased [25]. The published results indicate that 
the optimal Fe3+-extract ratio was affected by various fac-
tors such as the extract composition, experimental methods, 
and target pollutants, and the main control mechanism may 
differ in the different experiments. In addition, previous 
studies focused more on the removal efficiency of pollut-
ants, and less research concentrated on the yield of FeNPs. 
Few studies were conducted on the effect of extraction time 
and temperature of the plant extracts on the performance 
of FeNPs. Therefore, to optimize the synthesis method of 
FeNPs, starting with the characteristics of the extract itself 
is required, both removal efficiency of pollutants and yield 
of FeNPs need to be considered, and the optimization of the 
synthesis conditions has to include the extraction time and 
temperature of the extract to improve the comprehensive 
performance of FeNPs.

Yali pear (Pyrus bretschneideri Rehd.) is harvested in 
large yields in Binzhou City, Shandong Province, China. 
Yangxin County in Binzhou City is the “hometown of Yali 
pears in China,” and Binzhou City is a rich source of Yali 
pear peel. The polyphenols contained in pear peel [26] 

provide the possibility for green synthesis of FeNPs. How-
ever, only few studies were published on the green synthesis 
of FeNPs with Yali pear peel extracts. In this paper, peel 
extracts of Yali pears were used to prepare FeNPs, and the 
improvement of the synthesis method was studied. The main 
goals of this paper are as follows: (1) The synthesis condi-
tions were optimized for the parameter extraction tempera-
ture, extraction time, and Fe2+-extract ratio to improve the 
removal efficiency of Cr(VI) as well as the yield of FeNPs. 
(2) The optimized YL-FeNPs were characterized by various 
test methods, and the particle size, structure, and composi-
tion of YL-FeNPs were analyzed. (3) The effects of adsorp-
tion time, initial concentration, presence of different ani-
ons, and use of real water on Cr(VI) removal as well as on 
adsorption isotherms and kinetics were studied to explore 
the mechanism of hexavalent chromium removal by FeNPs. 
This research can support the recycling of pear peel waste 
and provide technical aspects for improving the green syn-
thesis conditions of FeNPs.

2 � Materials and methods

2.1 � Materials

Fresh Yali pears were purchased in a store in Binzhou City, 
Shandong Province, China. Iron(II) sulfate heptahydrate 
(FeSO4·7H2O), ethanol (C2H6O), potassium chromate 
(K2Cr2O7), and 1,5-diphenylcarbazide (C13H14N4O) were 
purchased from Sinopharm Chemical Reagent Company, 
Ltd. (China). The chemicals used in the experiments were 
analytically pure and used without further purification. 
Aqueous solutions and pear peel extracts were prepared with 
deionized water.

2.2 � Synthesis procedure of YL‑FeNPs

The standard method for preparing YL-FeNPs is as follows: 
A Yali pear was washed, and a certain amount of chopped 
pear peel was added to 360 mL of 50 vol% ethanol solution 
in water. The mixture was stirred and heated in a water bath 
at 80 °C for 80 min. The produced liquid was then filtered 
in a vacuum to obtain the pear peel extract filtrate. An aque-
ous 0.1-M FeSO4 solution and the extract were mixed in 
a volume ratio of 1:2 and heated under stirring in a water 
bath at 40 °C for 30 min. The obtained FeNP suspension 
was centrifuged for 8 min at a speed of 10,000 r/min in a 
refrigerated centrifuge. The FeNPs were dried at 60 °C with 
a hot-air dryer. The resulting material was called Yali-iron 
nanoparticles (YL-FeNPs).

In the process of using FeSO4 solution and the extract to 
synthesize FeNPs, Fe2+ was reduced to Fe0 by polyphenols 
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present in the extract. The synthesis mechanism of FeNPs 
[15] is shown in Eq. (1):

In Eq. (1), n means the number of hydroxyl (− OH) oxi-
dized by Fe2+, and Ar means the polyphenol aromatic ring.

2.3 � Peel extract optimization

Based on the preparation method of YL-FeNPs in part 
2.2, the following parameters for pear peel extraction that 
affected Cr(VI) removal were optimized: extraction tem-
perature, extraction time, and peel mass. In the experi-
ments, the extraction temperature was set to 50, 60, 70, 80, 
and 90 °C, and the effects of the extraction temperature 
on the yield of YL-FeNPs and the removal efficiency of 
Cr(VI) were studied. The yield of YL-FeNPs was calcu-
lated by using the solid mass (g) of YL-FeNPs obtained 
after centrifugation and drying per 375 mL of YL-FeNP 
suspension as the standard. Extraction time was set to 20, 
40, 60, 80, and 100 min. Peel mass was set to 7, 13.5, 20, 
27, 36, 40.5, 47, and 54 g per 360 mL of the ethanol–water 
mixture. In the Cr(VI) removal experiments, 0.02 g YL-
FeNPs prepared under each synthesis condition was added 
to 50 mL of Cr(VI) solution for 120-min adsorption exper-
iments, and the removal effect of different YL-FeNP mate-
rials was compared to optimize the pear peel extraction 
conditions for maximal Cr(VI) removal efficiency.

2.4 � Optimization of YL‑FeNPs synthesis

After the optimization of pear peel extraction in part 2.3 
was completed, the synthesis conditions of YL-FeNPs that 
affected the removal of Cr(VI) were further optimized, 
which consisted of the volume ratio of the Fe2+ solution 
and the extract as well as the drying method. In the experi-
ment, aqueous 0.1-M FeSO4 solution was selected as Fe2+ 
source, and the used extracts were optimized extracts. 
When the volume ratio was optimized, the total volume 
of both solutions was fixed to 375 mL, and the volume 
ratio of Fe2+ solution and extract was set to 3:1, 2:1, 1:1, 
2:3, 1:2, 1:3, and 1:5. The effects of the volume ratio 
on the yield of YL-FeNPs and the removal efficiency of 
Cr(VI) were studied. The method of calculating the yield 
of YL-FeNPs was the same as in Sect. 2.3. The tested dry-
ing methods included vacuum freeze drying at − 50 °C, 
vacuum drying at 60 °C, and hot-air drying at 60 ℃ for 
10 h. The Cr(VI) removal efficiencies of 0.02 g YL-FeNPs 
were compared to optimize the synthesis conditions of 
YL-FeNPs.

(1)nFe
2+ + 2Ar − (OH)

n
→ nFe

0 + 2nAr = O + 2nH
+

2.5 � Characterization of YL‑FeNPs

The optimized YL-FeNPs were characterized by various test 
methods. The form, dispersion, and size of YL-FeNPs were 
analyzed by TEM (FEI Tecnai G2F30, USA). The surface of 
YL-FeNPs before and after Cr(VI) adsorption was analyzed 
by SEM (Hitachi SU8020, Japan). The functional groups 
of the compounds in the extracts and on the surface of YL-
FeNPs before and after Cr(VI) adsorption were analyzed by 
FTIR (Nicolet IS10, USA) and compared. The structure of 
YL-FeNPs was analyzed by XRD (Brucker-D8 Advance, 
Germany). The valence state of Fe in YL-FeNPs was ana-
lyzed by XPS (Thermo Scientific Escalab 250Xi, USA).

2.6 � Cr(VI) removal

The effects of contact time (0–180 min), initial Cr(VI) con-
centration (10–-80 mg/L), coexisting anions (NO3

−, Cl−, 
PO4

3−, CO3
2−, SO4

2−), and real water bodies (river and tap 
water) on Cr(VI) removal were studied. The investigation 
included adsorption kinetics and adsorption isotherms. 
Finally, based on the characterization results, adsorption 
kinetics, and previous results, the reaction mechanism was 
analyzed. UV–Vis spectrophotometry (Purkinjie General 
AU-1901, China) was used to determine the Cr(VI) concen-
tration using the 1,5-diphenylcarbazide method at 540 nm 
[1–4]. The removal efficiency R (%) of hexavalent chromium 
was determined using the equation:

Here C0 and Ct are the concentrations at time zero and t, 
respectively (mg/L).

3 � Results and discussion

3.1 � Optimization of YL‑FeNP synthesis

The relationship between extraction temperature and the 
removal efficiency of hexavalent chromium and the yield 
of YL-FeNPs is shown in Fig. 1. As the extraction tempera-
ture increased from 50 to 90 °C, the removal efficiency of 
Cr(VI) gradually improved, which might be attributed to 
an increased extraction rate of polyphenols at higher tem-
peratures [27]. The result infers that the reaction (Eq. (1)) 
of YL-FeNP synthesis was more complete, resulting in 
greater amounts of Fe0 in the material and, consequently, 
in greater Cr(VI) removal efficiency. Furthermore, the yield 
of YL-FeNPs did not change significantly with the increase 
in extraction temperature from 50 to 80 °C but dropped 
sharply with a further increase to 90 °C. As an explanation, 

(2)R(%) = (C
0
− C

t
)∕C

0
× 100%
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the extract was subjected to serious evaporation at 90 °C, 
and its volume for the synthesis of YL-FeNPs was consider-
ably reduced. In addition, the suspension of the YL-FeNPs 
synthesized from the extract obtained at 90 °C was difficult 
to separate by centrifugation, resulting in a sharp decrease in 
yield. Considering both Cr(VI) removal efficiency and YL-
FeNP yield, the optimal extraction temperature was 80 °C.

Figure 2 shows the removal efficiency and YL-FeNP 
yield for different extraction times at the same extraction 
temperature of 80 °C. As the extraction time increased 
from 20 to 60 min, the removal efficiency increased by 

about 16% and remained basically stable with a further 
increase in extraction time to 100 min. Geng’s research 
[26] showed that the extraction rate of polyphenols from 
pear peels reached the maximum at an extraction time 
of 60 min and did not increase with longer extraction 
times. Therefore, the observed stable removal efficiency 
after the extraction time reached 60 min might be related 
to Geng’s results. Based on the removal efficiency of 
Cr(VI) and considering the cost of prolonged extraction 
time, it was concluded that the optimal extraction time 
was 60 min.

Fig. 1   Effect of extraction tem-
perature at an extraction time of 
80 min on Cr(VI) removal and 
YL-FeNP yield (Cr(VI) removal 
condition: 0.02 g YL-FeNPs, 
55 °C, pH = 3, 20 mg/L initial 
Cr(VI) concentration)
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Fig. 2   Effect of extraction time 
at an extraction temperature 
of 80 °C on Cr(VI) removal 
(removal conditions are the 
same as stated in Fig. 1)
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The results on the influence of peel mass on the removal 
efficiency are displayed in Fig. 3. With increasing peel mass, 
Cr(VI) removal efficiency first rose and then decreased. 
When 27 g of pear peel was extracted by 360 mL of the etha-
nol–water mixture, the removal efficiency was the highest. 
This observation corroborates the result by Geng et al. [26] 
that, with increasing peel mass, the extraction rate of poly-
phenols first increased and then decreased. When raising the 
peel mass after the extraction rate of polyphenols reached 
the maximum, the impurities extracted from the pear peel 
may affect the synthesis of YL-FeNPs, thus reducing the 
removal efficiency of Cr(VI) per unit mass of FeNPs.

The effect of the Fe2+-extract volume ratio on Cr(VI) 
removal efficiency and YL-FeNP yield is shown in Fig. 4. 
With increasing volume of extract, the removal efficiency 
of Cr(VI) gradually decreased. As an explanation, the 
polyphenols and other compounds in the extract not only 
acted as reducing agent but also as coating agent during 
the synthesis of YL-FeNPs. When the volume of extract 
continued to increase, a greater amount of biomass was 
present on the surface of YL-FeNPs, impeding the contact 
of Fe0 and Fe2+ in YL-FeNPs with heavy metal ions [22]. 
In addition, the synthesized FeNPs exhibited a larger par-
ticle size, the activity was reduced [23], and consequently, 

Fig. 3   Effect of peel mass on 
Cr(VI) removal (extraction 
temperature and time: 80 °C 
and 60 min; Cr(VI) removal 
conditions are the same as 
stated in Fig. 1)
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the Cr(VI) removal efficiency declined. When using 
green tea extract and FeSO4, Hao [24] also found that the 
removal efficiency of Cr(VI) decreased as the volume of 
the extract increased. In Fig. 4, the yield of YL-FeNPs 
prepared by 375 mL of a mixture of Fe2+ solution and 
extract gradually increases with the increase in extract 
volume fraction, which is consistent with the conclusion 
that the yield of SF-FeNPs increases with increasing vol-
ume of sunflower leaf extract [22]. In general, when the 
volume ratio of Fe2+ solution and extract was 1:1, the 
removal efficiency of Cr(VI) was higher, and the yield of 
YL-FeNPs was above average; therefore, the best volume 
ratio was 1:1.

The influence of the drying method applied in the 
YL-FeNP synthesis on the Cr(VI) removal efficiency 
is displayed in Fig. 5. The best efficiency was observed 
with the material prepared by vacuum freeze drying, 
and ordinary vacuum drying ranked second, while 
hot-air drying resulted in the lowest removal effi-
ciency. Hot-air drying would cause Fe0 on the surface 
of YL-FeNPs to be oxidized to Fe3O4, which not only 
reduced the content of Fe0 and Fe2+ in FeNPs but also 
increased the particle size of FeNPs [21]; consequently, 
the removal efficiency of hot-air dried YL-FeNPs was 
lower than that of the vacuum-dried absorbents. The 
dispersibility of the material prepared by vacuum 
freeze drying was better than that of the material dried 
under ordinary vacuum [28], indicating an increased 
surface area of the adsorbent; therefore, the removal 
efficiency of the material dried by the vacuum freeze 
method was greater, which then constituted the best 
drying method.

3.2 � Characterization of YL‑FeNPs

YL-FeNPs were prepared using the above-optimized syn-
thesis method and were characterized by various techniques. 
The TEM images (Fig. 6 a and b) show that FeNPs are suc-
cessfully synthesized. According to the image in Fig. 6 a, 
the size of the synthesized single nanoparticle was about 
40–80 nm; YL-FeNPs had irregular shapes, and the particles 
had a certain core–shell structure; the darker part inside the 
particle was mainly composed of a Fe core, and the outer 
light-colored part mainly consisted of organic substances 
of the extract. As shown in Fig. 6 b, YL-FeNPs exhibited a 
certain degree of agglomeration. The SEM image (Fig. 6c) 
shows that the surface of YL-FeNPs before Cr(VI) adsorp-
tion is relatively rough with pores of different sizes. After 
adsorption (Fig. 6d), some substances covered the surface 
of YL-FeNPs and filled the pores.

Figure 7 shows the FTIR spectra of YL-FeNPs before and 
after adsorption and of the extract for comparison. The broad 
bands at 3391 cm−1 in the extract and at 3370 cm−1 in YL-
FeNPs before adsorption were attributed to O–H stretching 
vibrations of polyphenols [29, 30]. The peaks at 2925 cm−1 
in both the extract and the YL-FeNPs before adsorption 
were assigned to C–H stretching vibrations [31]. The weak 
peaks at 1690 cm−1 in the extract and at 1689 cm−1 and 
1648 cm−1 in YL-FeNPs before adsorption were attributed 
to C = O stretching vibrations of carboxyl groups [32–34]. 
C–H bending vibrations caused the peaks at 1456 cm−1 and 
1454 cm−1 in the extract and in YL-FeNPs before adsorp-
tion, respectively [35, 36]. The weak peaks at 1046 cm−1 in 
the extract and at 1095 cm−1 in YL-FeNPs before adsorp-
tion were assigned to C–O stretching vibrations [37, 38]. 

Fig. 5   Effect of drying methods 
on Cr(VI) removal (vacuum 
freeze: drying under vacuum 
at − 50 °C, vacuum: drying 
under a vacuum at 60 °C, hot 
air: hot-air drying at 60 °C)
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Fig. 6   TEM images of YL-
FeNPs (a), (b); SEM images 
before (c) and after (d) Cr(VI) 
adsorption by YL-FeNPs

Fig. 7   FTIR spectra of Yali pear 
peel extracts and YL-FeNPs 
before and after hexavalent 
chromium adsorption
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The band at 608 cm−1 in the latter material was attributed 
to Fe–O stretching vibration of Fe3O4 [39], which justified 
the formation of iron nanoparticles. The above analysis also 
indicates that the surface of YL-FeNPs is covered with poly-
phenols and other organic substances present in the extract, 
which is also consistent with the core–shell structure shown 
in Fig. 6 a.

The FTIR spectra of YL-FeNPs are different before and 
after hexavalent chromium adsorption. After adsorption, the 
intensity of the Fe–O peak at 608 cm−1 was significantly 
reduced, which may have been caused by the interaction 
between Fe–O and Cr(VI). The peak of O–Cr–O in Cr2O3 
appeared at 538 cm−1 [40], and its presence in the spec-
trum after adsorption might be attributed to the reduction 
of Cr(VI) to Cr(III) which then attached to the surface of 
YL-FeNPs. A new weak peak near 497 cm−1 may be related 
to the complexation of Fe and Cr during the co-precipitation 
process [41, 42].

The XRD pattern of YL-FeNPs before adsorption is 
shown in Fig. 8, which exhibited no obvious diffraction 
peaks, showing that the YL-FeNP material is amorphous. 

The weak characteristic peak at about 2θ = 35.6° is com-
monly attributed to Fe2O3, indicating that part of Fe(0) 
was oxidized during synthesis or drying. A zero-valent 
iron (α-Fe) diffraction peak and a Fe3O4 peak were discov-
ered at approximately 2θ = 44.5° and 2θ = 28.5°, respec-
tively [43]. The weak peak at about 2θ = 25° may represent 
organic materials originating from the extract.

The wide scan XPS spectrum of the YL-FeNPs shows 
peaks assigned to C1s, N1s, O1s, and Fe2p (Fig. 9a). The 
Fe2p narrow scan XPS spectrum is shown in Fig. 9b. The 
peak located at 711.0 eV was assigned to Fe3+, while the 
binding energy of 709.3 eV was attributed to Fe2+; the 
pattern is very similar to that of Fe3O4 detected in pre-
vious studies [44]. Therefore, the XPS test proved that 
YL-FeNPs contained Fe3O4. The weak peaks at about 
707.1 eV and 719.8 eV represent Fe(0), indicating that 
YL-FeNPs contained a small amount of Fe(0). Since YL-
FeNPs contacted with oxygen during the synthesis and 
drying process, the surface contained iron oxides. Accord-
ing to the analysis results of XPS, FTIR, and XRD, Fe3O4 
and Fe(0) were the main forms of Fe in YL-FeNPs.

Fig. 8   XRD analysis of YL-
FeNPs before adsorption
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3.3 � Application of YL‑FeNPs for Cr(VI) removal

At an initial Cr(VI) concentration of 12 mg/L, the change 
in removal efficiency with contact time is shown in Fig. 10 
for the temperatures of 25 °C and 55 °C. With the increase 
in contact time, the removal efficiency at both temperatures 
increased. In the first 5 min, the efficiency increased dra-
matically, reaching 66.7% at 25 °C and 76.8% at 55 °C; after 
5 min, the removal efficiency improved slowly and basically 
reached equilibrium after 120 min with a Cr(VI) adsorption 
of 87.4% at 25 °C and of 96.8% at the higher temperature. In 

the first 5 min, the higher number of adsorption sites avail-
able on YL-FeNPs caused a fast increase in removal effi-
ciency. Thereafter, the adsorption sites gradually reduced 
in number, and the removal efficiency increased slowly and 
gradually reached equilibrium.

The change in the removal efficiency with the initial 
Cr(VI) concentration is shown in Fig. 11 for adsorption at 
25 °C and 55 °C. At the initial concentration of 10 mg/L, the 
removal efficiency was 91.6% at 25 °C and 99.3% at 55 °C 
and declined with increasing initial Cr(VI) concentration 
for both temperatures. At a concentration of 80 mg/L, the 
efficiency dropped to 14.5% and 21.6% for the lower and 
higher temperature, respectively. As evident from Figs. 10 
and 11, the removal efficiency improved with the increase in 
temperature, which indicates that the adsorption of Cr(VI) 
by YL-FeNPs was an endothermic process.

The kinetics of Cr(VI) adsorption on YL-FeNPs was 
analyzed using pseudo-first-order and pseudo-second-order 
kinetics models (Table 1). In the equations of the model, 
qe (mg·g−1) and qt (mg·g−1) are the adsorption capacity of 
YL-FeNPs at equilibrium and at time t (min), respectively; 
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Fig. 10   Effect of contact time on Cr(VI) removal (initial Cr(VI) con-
centration: 12 mg/L, pH = 5) at adsorption temperatures of 25 °C and 
55 °C

Fig. 11   Effect of initial Cr(VI) 
concentration on Cr(VI) 
removal (conditions: 0.02 g 
YL-FeNPs, pH = 5, 120 min 
contact time)
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Table 1   The adsorption kinetics parameters for the removal of Cr(VI) 
by YL-FeNPs

Kinetic Model qe (mg/g) k1 or k2 R2 T

First order qt=qe(1 − e−k1t) 27.27 k1 = 0.3215 0.943 55 °C
Second order qt=

k2q
2

e
t

1 + k2qet

28.62 k2 = 0.0202 0.981 55 °C
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k1 (min−1) and k2 (mg·g−1·min−1) are the rate constants of 
the first-order and second-order models, respectively.

The fitting results of the two models are shown in Fig. 12 
and Table 1. In the experiment, pH was 5, and the tempera-
ture was 55 °C. The correlation coefficient of the second-
order model (R2 = 0.981) was greater than that of the first-
order model (R2 = 0.943), and the deviation of the scattered 
points from the second-order model curve was smaller, indi-
cating that the second-order model can better fit the adsorp-
tion process. At 55 °C, qe was 28.62 mg/g, and the adsorp-
tion of hexavalent chromium by YL-FeNPs was dominated 
by chemisorption.

To study the relationship between equilibrium adsorption 
concentration and adsorption capacity, Langmuir and Fre-
undlich isotherm models (Table 2) were used to analyze the 
adsorption data. In the equations of the models, Ce (mg/L) 
and qe (mg/g) denote the equilibrium concentration and 
adsorption amount of Cr(VI) at equilibrium, respectively. KL 
(L/mg) is the Langmuir constant. The variable qm (mg/g) is 
the maximum amount of Cr(VI) adsorbed by YL-FeNPs. KF 
[(mg/g)(L/mg)1/n] and n are the Freundlich constants. RL is 
the dimensionless constant separation factor used to describe 
the adsorption characteristics in the Langmuir model (RL = 1 

/ (1 + KL·C0)). C0 (mg/L) in the formula is the initial concen-
tration of hexavalent chromium. The adsorption process is 
unfavorable (RL > 1), favorable (0 < RL < 1), linear (RL = 1), 
or irreversible (RL = 0).

Adsorption equilibrium experiments were carried out at a 
pH of 5 and a temperature of 55 °C. The Langmuir (L) and 
Freundlich (F) models were used to analyze the adsorption 
isotherm results of Cr(VI) on YL-FeNPs. Figure 13 a and b 
show the experimental values and the linear fitting results 
of the L and F models, respectively. The L model exhib-
ited a better fit, and the deviation of the scattered points 
from the fitted straight line was smaller compared to the F 
model. As listed in Table 2, the correlation coefficient of the 
L model (R2 = 0.9982) was greater than that of the F model 
(R2 = 0.9068). According to the L model, Cr(VI) adsorp-
tion occurred on the homogeneous surface of YL-FeNPs 
through monolayer sorption. The maximum adsorption 
capacity (Qm) was determined as 43.99 mg/g. The value of 
RL in Table 1 was in the range of 0.0052–0.0404, indicating 
that the adsorption at 55 °C was favorable.

The effect of different anions on the removal of Cr(VI) by 
YL-FeNPs is shown in Fig. 14. As the anion concentration 
increased from 0.5 to 2.0 mmol/L, the Cr(VI) adsorption 
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Fig. 12   Model data of pseudo-first-order (a) and pseudo-second-order (b) kinetics for Cr(VI) adsorption

Table 2   Isotherm constants 
for Cr(VI) adsorption on 
YL-FeNPs

Isotherm model Equation Parameters Values

Langmuir Ce

qe
=

1

qmKL

+
Ce

qm

Qm (mg/g) 43.99
KL (L/mg) 2.377
RL range 0.0052–0.0404
R2 0.9982

Freundlich logqe = logKF +
1

n
logCe

KF (mg/g)(L/mg)1/n 32.18

n 11.10
R2 0.9068
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capacity of YL-FeNPs (qt) decreased to different extents, 
whereby NO3

− and Cl− demonstrated almost no influence on 
qt. At an anion concentration of 0.5 mmol/L, the presence 
of PO4

3−, CO3
2−, and SO4

2− reduced qt by 46.3%, 40.0%, 
and 1.8%, respectively, and by 70.4%, 56.9%, and 14.0% 
as the anion concentration was increased to 2.0 mmol/L. 
The results indicate that YL-FeNPs can still remove Cr(VI) 
effectively at low anion concentrations. At a pH of 5, Cr(VI) 
in water mainly existed in the form of HCrO4

−, and the 
added negatively charged anions carry on competition with 

HCrO4
− for the active sites on YL-FeNPs. Among the anions 

of the same molar concentration, PO4
3− possessed the high-

est negative charge, while NO3
− and Cl− had the smallest 

negative charge. Therefore, PO4
3− exhibited the greatest and 

NO3
− and Cl− the least impact on qt.

The effect of real water bodies on the removal of Cr(VI) 
by YL-FeNPs is shown in Fig. 15. The adsorption experi-
ments were conducted at 25 °C and the natural pH values 
of the water sources, which were 7.15, 8.53, and 8.17 for 
deionized water (D), river water (R), and tap water (T), 

Fig. 13   Adsorption isotherms of Langmuir (a) and Freundlich (b) models for Cr(VI) adsorption on YL-FeNPs

Fig. 14   Comparison of the 
effect of coexisting anions on 
Cr(VI) adsorption (conditions: 
0.02 g YL-FeNPs, pH = 5, 
55 °C, 120-min contact time)
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respectively. When the initial Cr(VI) concentration was 
5 mg/L, the removal efficiency in D, R, and T was 100%, 
99%, and 98.8%, respectively, and decreased to 95.8%, 
67.2%, and 63.6% when the initial Cr(VI) concentration 
changed to 9 mg/L. With decreasing pH value, the amount 
of H+ on the surface of YL-FeNPs and, consequently, the 
adsorption of HCrO4

− increase; therefore, the removal effi-
ciency was the highest in deionized water. Although the pH 
value of tap water (8.17) was lower than that of river water 
(8.53), tap water mainly contained inorganic salts, which 
may compete with hexavalent chromium for adsorption sites 
and thereby reduce the removal of Cr(VI); river water, how-
ever, contained low concentrations of organic compounds, 
which would promote the removal of Cr(VI) by the adsor-
bent [45]. Therefore, the removal efficiency was lower in tap 
water than in river water.

3.4 � Reaction mechanism of Cr(VI) removal

According to previous research on the mechanism of Cr(VI) 
removal by green FeNPs [15, 19], the mechanism of Cr(VI) 
removal by YL-FeNPs is proposed as follows:

The mechanism mainly consists of three parts. (1) 
Adsorption: After YL-FeNPs are added to the Cr(VI) solu-
tion, Cr(VI) contacted the surface of the material due to 
electrostatic attraction and other reasons. (2) Reduction 
of Cr6+: The results of FTIR, XRD, and XPS in this paper 

(3)2HCrO
−
4
+ 3Fe

0 + 14H
+
→ 3Fe

2+ + 2Cr
3+ + 8H

2
O

(4)HCrO
−
4
+ 3Fe

2+ + 7H
+
→ 3Fe

3+
Cr

3+
4H

2
O

(5)
(1 − x)Fe3+ + xCr

3+ + 3H
2
O → (Cr

x
Fe

1−x)(OH)
3
↓ +3H+

(Figs. 7, 8, and 9) have shown that YL-FeNPs contained 
Fe0 and Fe2+, and these Fe species reduced Cr6+ in the form 
of HCrO4

− to Cr3+ (Eqs. (3) and (4)) during the adsorption 
reaction, which is consistent with the peak of O–Cr–O in 
Cr2O3 after adsorption (Fig. 7); at the same time, Fe0 and 
Fe2+ were finally oxidized to Fe3+ (Eqs. (3) and (4)), which 
is consistent with the apparent decrease in intensity of the 
Fe–O peak in Fe3O4 after adsorption (Fig. 7). (3) Co-precip-
itation: After adsorption, Cr3+ and Fe3+ formed precipitates 
in the form of Cr3+/Fe3+ hydroxide such as CrxFe1 − x(OH)3 
(Eq. (5)), covering the surface of YL-FeNPs, which is con-
sistent with the appearance of the complexation peak of Fe 
and Cr near 497 cm−1 after adsorption (Fig. 7) and the TEM 
image after adsorption (Fig. 6d). In addition, the adsorption 
kinetics analysis (Fig. 12 and Table 1) shows that the adsorp-
tion process was dominated by chemisorption, which is also 
consistent with the chemical reaction mechanism indicated 
by Eqs. (3), (4), and (5).

4 � Conclusions

In this paper, Yali pear peel extracts as reducing agents and 
FeSO4 were used to successfully synthesize YL-FeNPs 
for the first time. The optimized synthesis conditions are 
as follows: 27 g of pear peel was extracted in 360 mL of 
50 vol% ethanol solution in water at 80 °C for 60 min, the 
Fe2+-extract ratio was 1:1, and vacuum freeze drying was 
applied as the drying method. According to the characteri-
zation results, the optimized YL-FeNPs had a particle size 
of about 40–80 nm, a core–shell structure, and an irregular 
shape; partial pores with a certain degree of aggregation 
were present on the surface. The main components of YL-
FeNPs were Fe3O4 and Fe0. As the initial Cr(VI) concentra-
tion decreased and the adsorption temperature increased, 
the Cr(VI) removal efficiency of YL-FeNPs increased. The 
adsorption of Cr(VI) basically reached equilibrium within 
2 h. The removal efficiency of 12 mg/L Cr(VI) by YL-FeNPs 
at 55 °C was 96.8%. The adsorption data conformed to the 
Langmuir isotherm model, and the maximum adsorption 
capacity (Qm) at 55 °C was 43.99 mg/g. When the concen-
tration of coexisting anions was low, YL-FeNPs also showed 
good adsorption performance in real natural water.
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