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maximum adsorption capacity of Cr(VI) could reach 
up to 1.58 mg g−1 when the PEI immersion concen-
tration is 1%, the contact time is 180 min, the temper-
ature is 30 °C and pH = 2. The adsorption of Cr(VI) 
on PPCA conformed to both the freundlich isotherm 
model and the quasi-second-order kinetic model, 
indicating that the adsorption was multi-molecular 
layer adsorption controlled by chemical reaction pro-
cess. The adsorption mechanism of Cr(VI) on PPCA 
included electrostatic attraction, redox and chelation. 
Overall, this study provides a green, large-scalable 
production way for the preparation of biodegrad-
able adsorption materials for the efficient removal of 
Cr(VI) from drinking water aiding the safe manage-
ment of aqueous system.

Abstract  Activated carbon paper-based materials 
were prepared from softwood pulp, activated carbon 
powder, and polyester fiber through wet forming pro-
cess. Then polyethyleneimine was loaded on the acti-
vated carbon paper-based materials using physical 
impregnation method to fabricate green, low cost, and 
degradable PEI/activated carbon composite paper-
based adsorbent materials (PPCA) for the removal 
of Cr(VI) from drinking water. The surface charac-
teristics of the adsorbent were analyzed by SEM, 
EDX, BET, FT-IR, and XPS. It was found that the 
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Graphical abstract 

The World Health Organization also requires that the 
Cr(VI) in drinking water should not exceed 0.05 mg 
L−1 (Demiral et  al. 2008). Cr(VI) has been consid-
ered as one of the heavy metals to be removed pref-
erentially. Therefore, it is urgent to develop green, 
low-cost adsorbents using a simple and large-scalable 
preparation method for the removal of Cr(VI) from 
drinking water (Chowdhury et al. 2016; Azimi et al. 
2017).

The current methods for removing Cr(VI) from 
water commonly include membrane separation 
(Kozlowski et  al. 2002), photochemical cataly-
sis (Xu et  al. 2019), ion exchange (Rengaraj et  al. 
2001), electrodialysis (Jin et al. 2016), and adsorption 
(Zhang et al. 2019; Sun et al. 2010) etc. In contrast, 
the adsorption method is commonly used to remove 
Cr(VI) from water due to its flexible utilization, and 
easy availability (Pang et  al. 2011; Jin et  al. 2017). 
A wide variety of adsorbents are available, including 
barks (Sudaryanto et al. 2021), chitosan (Zhang et al. 
2021), cellulose nanocrystals (Tasrin et  al. 2020), 
mesoporous silica (Li et  al. 2021), activated carbon 
(Mojdeh et  al. 2010), and synthetic hydrogel (Zhao 
et al. 2021), etc.

In the past few years, activated carbon had been 
widely used because of its large specific surface area 
and rich pore distribution (Sun et  al. 2013). Acti-
vated carbon was used in fibrous, granular, or powder 

Keywords  Activated carbon · Paper-based 
material · Polyethyleneimine · Adsorption · Cr(VI)

Introduction

In recent years,  fast development continually along 
with industrialization and urbanization, industries 
the electronics industry, electroplating, petrochemi-
cal industry, leather tanning, and papermaking have 
brought benefits while also cause serious environ-
mental contamination, especially chromium slags 
pollution (Ellis et al. 2002; Kobya et al. 2004). These 
chromium slags stored in open environment are not 
equipped with anti-seepage measures. Under the 
scouring of rainwater, they may seep into the ground, 
contaminate underground drinking water and even-
tually threaten human health (Fu et  al. 2011). Chro-
mium presences in two forms in water systems: 
Cr(III) and Cr(VI) (Guan et al. 2019). Cr(III) is one 
of the essential elements in animals (Huang et  al. 
2019). However, Cr(VI) is a highly toxic substance, 
which is easily absorbed by skin, causing the canceri-
zation of human cells (Zhang et  al. 2010; Lai et  al. 
2008) In China, the maximum allowable concentra-
tions of Cr(VI) in industrial wastewater and drinking 
water are 0.5 mg L−1 and 0.05 mg L−1, respectively. 
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form. Among them, activated carbon powder shows 
superior adsorption effect (Choi et  al. 2008). How-
ever, activated carbon powder, if used alone may be 
dispersed in water, causing secondary pollution and 
increasing energy consumption for environmental 
pollution treatment. In the household water purifier, 
the activated carbon powder is compressed into a 
cake shape to reduce the loss of the activated carbon 
powder in water. However, the method is relatively 
cumbersome. To solve this problem, activated carbon 
powder was combined with softwood pulp to con-
struct activated carbon paper-based materials.

Polyethyleneimine (PEI) is a high molecular poly-
mer with abundant amino and imino groups, which 
can bind to heavy metals through chelation (Ma et al. 
2014). PEI is a water-solublable. When it is directly 
used as an adsorbent, the adsorption ability decreases. 
Therefore, immobilizing PEI on activated carbon 
reduces its water solubility and improves its ability 
to remove heavy metals. Common fixation methods 
include physical impregnation and chemical grafting 
and cross-linking (Xing et  al. 2021). Mojdeh Owlad 
(Mojdeh et  al. 2010) immersed activated carbon in 
PEI water solution to prepare an absorbent to remove 
Cr(VI). When the initial concentration of Cr(VI) 
is 10 mg L−1, its adsorption capacities reach 22 mg 
g−1 with a maximum removal rate of 80%. To further 
improve the loading rate of PEI, Pan (Pan et al. 2018) 
used glutaraldehyde as cross-linking agent to combine 
PEI with activated carbon by cross-linking method 
and explored the adsorption capacity to Cr(VI) in 
wastewater. It can be found that when the initial con-
centration of Cr(VI) is 350 mg L−1, the removal rate 
is up to 98%, and the adsorption capacity is up to 
500  mg g−1. The adsorption effect is indeed signifi-
cantly improved. However, its preparation conditions 
are harsh, the operation is cumbersome, and it is dif-
ficult to realize large-scale production and utilization. 
Glutaraldehyde is a toxic cross-linking agent, which 
is harmful when used in drinking water treatment. 
Therefore, it is particularly important to use non-toxic 
raw materials and simple processes to prepare adsor-
bents that can be used in drinking water purification. 
To the best of our knowledge, this is the first report on 
the use of PEI/activated carbon paper-based material 
(PPCA) fabricated by the combination of wet forming 
and physical impregnation method for the removal of 
low concentration of Cr(VI) from drinking water.

In this study, PPCA was prepared by wet form-
ing process and impregnation methods, and various 
characterization methods were used to analyze their 
properties. The influence of pH, the concentration 
of PEI, contact time, temperature, adsorbent dosage, 
and the initial concentration of Cr(VI) on the Cr(VI) 
adsorption capacity in water were comprehensively 
explored. The adsorption mechanism of the PPCA to 
Cr(VI) was further discussed.

Experimental section

Materials

Softwood pulp was purchased from Dalian Yangrun 
Trading Co., Ltd. (Dalian, Liaoning). The polyes-
ter fiber was provided by Weifang Jiegao Fiber Co., 
Ltd. (Weifang, Shandong). Cationic polyacrylamide 
(CPAM) was purchased from Puyi Environmental 
Protection Technology Co., Ltd (Shanghai, China). 
Poly-amide epichlorohydrin resin (PAE) was pur-
chased from Shandong Tongchuang Chemical Co., 
Ltd (Linyi Shandong). Activated carbon powder (200 
mesh) was purchased from Lvzhiyuan, Pingdingshan 
City Original Activated Carbon Co., Ltd. (Pingding-
shan, Henan). Potassium dichromate, diphenylcar-
bazide, polyethyleneimine (PEI), acetone, sulfuric 
acid, and polyvinyl alcohol (PVA) used in the experi-
ment were all analytically pure and they were pro-
vided by Shanghai Aladdin Biochemical Technology 
Co., Ltd. (Shanghai, China). All chemicals were used 
as received without further purification.

Preparation of activated carbon paper‑based materials

First of all, a certain amount of softwood pulp, poly-
ester fiber, and activated carbon powder with a weight 
percentage of 42%, 10%, and 48%, respectively were 
weighted and dispersed in 1000 mL deionized water 
for 2000 r using a decomposing tank to form a sta-
ble suspension. Secondly, 0.08% CPAM and 0.8% 
PAE (weight of additive by weight of oven dry pulp) 
were added into the suspension mentioned above in 
the decomposing tank and then dispersed for another 
2000 r to make sure their complete dissolution in 
water. Finally, The mixture was converted into a wet 
web using a hand sheet former (PK-3A, Austria PTI 
Co., Vienna, Austria). After a pressing stage, the wet 
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sheet was oven dried at 115 °C for 20 min to make 
activated carbon paper-based materials (ACPBM) (a 
basis weight of ACPBM of 240 g m−2).

Preparation of PEI/PVA solution

First of all, 20 g of PVA was added into a beaker with 
250 mL of deionized water and mechanically stirred 
for 1 h at 60 °C, followed by raising the temperature 
to 90 °C and continue stirring for another 2 h to pre-
pare 8 wt.% PVA solution. Secondly, 0.5%, 1%, 2%, 
3%, and 5% PEI solutions were prepared by diluting 
50% PEI solution with a certain amount of deion-
ized water. Finally, the desired amount of PVA and 
PEI solutions (a mass ratio of 1:4) were mixed and 
magnetically stirred in a water bath for 30  min at 
30 °C to prepare PEI/PVA solutions with different 
concentrations.

Preparation of PPCA

Schematic of the synthesis of PPCA is shown in 
Fig.  1. Briefly, a desired amount of ACPBM was 
immersed in PEI/PVA mixture solutions with differ-
ent concentrations for 2 min, and then taken out, fol-
lowed by drying in a blast drying oven at 70 °C for 
1 h. PPCA impregnated with 1% concentration of PEI 
was named as 1%PPCA.

Characterization of 1%PPCA

The surface morphology and size of 1%PPCA before 
and after the adsorption of Cr(VI) were characterized 
using scanning electron microscopy (SEM; Regulus 
8220, Shimadzu Co., Tokyo, Japan). Energy disper-
sive X-ray spectroscopy (EDX) elemental mapping 
images obtained during SEM testing. The surface 
functional groups of samples were analyzed using 
an Fourier transform-infrared spectrometer (FT-IR; 
ALPHA, Bruker GmbH Co., Saarbrucken, Ger-
many) in the range of 600–4000 cm−1. The pore size 
distribution and specific surface area of the sample 
were evaluated using the N2 adsorption and desorp-
tion isotherm obtained by BET (BELSORP MaxII, 
Maccheek Bayer Co., Tokyo, Japan) at 77  k. Zeta 
(z)-potential measurements were performed using 
a zetasizer (DTS1070-2, Malvern Instruments Co., 
Malvern, UK). Surface chemical compositions of 
1%PPCA before and after water treatment were deter-
mined based on X-ray photoelectron spectroscopy 
(XPS; ESCALAB Xi + , Thermo Scientific Co., Mas-
sachusetts, US).

Adsorption experiments

First of all, a desired amount of adsorbent was added 
into a 250 mL conical flask with 100 mL of a certain 
concentration of Cr(VI) aqueous solution and then 
placed them in a vibrating screen with a preset tem-
perature, followed by stirring at 170 rpm for different 
times. Subsequently, the above mentioned solutions 

Fig. 1   Schematic of the 
synthesis of PPCA
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were taken out and filtered through a 0.45  μm filter 
membrane. The absorbance was measured at a wave-
length of 540 nm using a three-purpose UV spectro-
photometer in a dark box, and the Cr(VI) concentra-
tion was obtained according to Fig. S1.

The influence of concentrations of PEI solution 
(0.5, 1, 2, 3, and 5%), pH (2, 4, 6, 8, and 10), absor-
bent dosage (1, 3, and 5 g L−1), initial Cr(VI) concen-
tration (1, 5, 9, 12, and 15 mg L−1), contact time (0.5, 
1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, and 6 h), and tem-
perature (20, 30, and 40 °C) on the Cr(VI) adsorption 
capacity were systematically investigated. All adsorp-
tion experiments were performed in triplicate and 
expressed as averages, with all errors < 3%. To study 
the adsorption mechanism of 1%PPCA, we fitted 
and analyzed the measured data by using adsorption 
kinetics, thermodynamics and isotherm.

Calculation of adsorption capacity and removal rate 
of Cr(VI)

The adsorption capacity and removal rate of PPCA 
on Cr(VI) are calculated according to formula (1) and 
formula (2) respectively:

where Q is the adsorption capacity of PPCA on 
Cr(VI) (mg g−1); R is the removal rate of PPCA on 
Cr(VI) (%); C0 is the initial concentration of Cr(VI) 
(mg L−1); Ct is the concentration of Cr(VI) in the 
solution at time t (mg L−1); V is the volume (L); M is 
the mass of PPCA (g).

Desorption studies

Cr(VI) anions were desorbed from 1%PPCA using 
NaOH aqueous solution (10  mL, 1  M). After shak-
ing in a constant temperature water bath for 24  h, 
2.5 mL of the desorbed solution was put into a 50 mL 
colorimetric tube and diluted to the mark by adding 
deionized water. Chromium ion concentration was 
calculated using the same method described in the 

(1)Q =

(

C0 = Ct

)

V

m

(2)R =
C0 − Ct

C0

Fig. 2   SEM image of 
ACPBM (a); 1%PPCA (b); 
1%PPCA after adsorption 
of Cr(VI) (c); and EDX 
elemental mapping images 
of the 1%PPCA after 
adsorption of Cr(VI) (d–g)
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adsorption experimental section. After washing with 
200 mL of deionized water and drying in a blast dry-
ing oven at 60 °C for 30  min, the 1%PPCA can be 
reused for the removal of Cr(VI) from water.

Results and discussion

Characterization

The surface morphology of ACPBM and 1%PPCA 
were observed by SEM (Fig.  2 and Fig. S4-S6). 
Softwood pulp fiber, one kind of plant fibers, is the 
main component of ACPBM. Because the surface 
of polyester fiber is relatively smooth, the interfacial 
binding force between polyester fiber and a plant fib-
ers is weak, leading to the alternative arrangement 
of the polyester fiber and softwood pulp fiber in the 
sheet network. Activated carbon powder adheres to 
both the surface of polyester fibers and softwood pulp 
fibers (Fig.  2a). PEI/PVA solution can function as a 
glue-like substance between the fibers,thus giving 
rise to the reduction of pore size of the porous materi-
als (Fig. 2b). Softwood pulp fibers swell due to water 
immersion, while polyester fibers are not affected 
(Fig.  2c). We also performed EDX analysis on the 
adsorbed material, it is found that the proportion of 
carbon, oxygen, nitrogen and chromium in the paper-
based material is 67.36%, 23.93%, 3.47% and 5.24%, 
respectively. Chromium appeared in the 1%PPCA 
indicated that the paper-based material possessed a 
certain adsorption capacity on Cr(VI) (Fig. 2d, e).

The nitrogen adsorption capacity of the adsor-
bent increases with the increase of relative pressure 
(Fig. 3a). According to the classification of isotherms, 
it belongs to category VI isotherms. In the lower P/

P0 zone, the capillary condensation of nitrogen occurs 
and agglomerates in the micropores on the inner sur-
face area, which increases the adsorption capacity, 
giving rise to the rapidly rising of the isotherm, and a 
convex curve. With the increase of P/P0, all pores have 
capillary aggregation, and adsorption only occurs on 
the outer surface, the specific surface area of which 
is much smaller than the inner surface, leading to the 
slow rising of the adsorption capacity. When the rela-
tive pressure is close to 1, nitrogen is adsorbed on the 
macropores, and the curve rises. In the range of P/P0 
of 0.43–1.0, the isotherm shows an obvious hyster-
esis loop. According to the classification of IUPAC, 
it belongs to the category VI mesoporous hysteresis 
ring, indicating that ACPBM is mainly composed of 
mesopores and micropores, and the pore structure is 
irregular. It is also found that as the concentration of 
impregnated PEI/PVA becomes larger, the adsorp-
tion capacity becomes smaller, which implies that 
PEI/PVA may adhere to the pores of activated car-
bon, resulting in a decrease in the specific surface 
area of the material (Table  1) and a decrease in the 
adsorption sites of nitrogen. Therefore, the adsorption 
capacity becomes smaller with increasing the concen-
tration of PEI/PVA (Fig. 3a). The pores of ACPBM 
are mainly distributed in the range of 2–16 nm, and 

Fig. 3   N2 adsorption–des-
orption isotherms (a) and 
pore size distribution (b) 
of ACPBM, 1%PPCA and 
2%PPCA

Table 1   Pore structure characteristics of ACPBM, 1%PPCA 
and 2%PPCA

Specific surface area (m2 
g−1)

Total pore 
volume (cm3 
g−1)

ACPBM 521.86 0.4088
1%PPCA 454.25 0.3322
2%PPCA 424.61 0.3103
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the pore size of 1%PPCA and 2%PPCA are mainly 
distributed in the range of 2–10  nm (Fig.  3b). This 
is mainly because the addition of PEI blocks the 
macropores.

The surface chemical structure of adsorbent 
impregnated with different concentrations of PEI/
PVA solution were analyzed by infrared spectros-
copy. The samples all showed typical characteristic 
absorption peaks of cellulose, such as -OH stretch-
ing vibration (3270 cm−1), CH2-stretching vibration 
(2880  cm−1), C-H bending vibration (1558  cm−1), 
and C–O–C stretching vibration (1057 cm−1) (Shao 
et  al. 2021). The characteristic absorption peaks at 
1705  cm−1 are the C = O stretching vibrations in 
the polyester fiber (Ricardo et al. 2015) (Fig. 4a). It 
was also find that as the concentration of the coated 
PEI increases, there is an obvious small peak near 
1650 cm−1, which is the result of the N–H bending 
vibration of PEI. In addition, PEI should have N–H 
stretching vibration peaks and C-N stretching vibra-
tion peaks at 3270 cm−1 and 1045 cm−1 (Hong et al. 
2021). However, ACPBM, 0.5%PPCA, 1%PPCA, 
and 2%PPCA all have characteristic peaks at these 
two wavelengths. The N–H and the C-N stretching 
vibration peak in the PEI are covered by the O–H 
and the C–O–C stretching vibration peak in the cel-
lulose, respectively (Fig.  4a). The above analysis 
shows that PEI has been successfully loaded onto 
the ACPBM.

Effects of PEI solution concentration

The removal rate and the adsorption capacity of 
Cr(VI) by ACPBM is 90.15%, of 1.50  mg g−1, 

respectively. Both of them increase with the impreg-
nated PEI concentration. When the impregnated PEI 
concentration is 1%, the adsorption capacity and 
removal rate of Cr(VI) reaches the maximum value of 
1.58 mg g−1 and 94.88%, respectively (Fig. 5a). This 
is mainly because not only the activated carbon has 
an adsorption effect on Cr(VI), but also the amino 
groups in PEI can remove Cr(VI) through chelation. 
As the concentration of impregnation increases, the 
amino groups in the adsorbent increase, endowing 
the adsorbent with better adsorption ability. How-
ever, with the concentration of impregnation further 
increases, the adsorption ability of adsorbent on 
Cr(VI) decreases (Fig. 5a). This can be explained by 
that a large amount of PEI adheres to the surface of 
the activated carbon results in a decrease in the spe-
cific surface area (Table  1) of the activated carbon 
and a decrease in the adsorption sites for Cr(VI).

Effects of initial pH

Cr(VI) in aqueous solution mainly exists in three 
forms: Cr2O7

2−, CrO4
2−, and HCrO4

−, and the 
mutual conversion between them is affected by 
pH (Pan et  al. 2018). Under acidic conditions, 
Cr(VI) in the solution mainly exists in the form 
of Cr2O7

2− and HCrO4
−. With the increase of pH, 

the content of hydrogen ions decreases, and the 
conversion proceeds in the direction of generat-
ing HCrO4

−. Under alkaline conditions or neutral 
conditions, Cr(VI) mainly exists in the form of 
CrO4

2− (Sun et al. 2013; Ma et al. 2014).

Fig. 4   FTIR spectra of 
ACPBM, 0.5%PPCA, 
1%PPCA and 2%PPCA (a); 
Zeta-potential of 1%PPCA 
at various pH in deionized 
water (b)
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PEI is a positively charged polymer, and the pro-
tonation of surface amino groups is the main factor 
that affects the cationic charge density of PEI. The 
stronger the protonation ability of the amino groups 
on the PEI surface, the greater the cationic charge 
density on the surface. It has a strong adsorption 
effect on the anions existing in the solution.

The removal rate of Cr(VI) by 1%PPCA reaches 
the maximum value of 94.88% at pH of 2. As the 
pH value increases, the removal rate gradually 
decreases (Fig.  5b). This is mainly because (1) 
in the acidic solution of pH = 2, the hydrogen ion 
content in the solution is higher, which makes the 
amino group in PEI easier to protonate. Therefore, 
the HCrO4

− and Cr2O7
2− existing in the form of 

anions in the solution can be better electrostatically 
adsorbed; (2) the electrostatic repulsion between the 
1%PPCA surface and Cr(VI) anions hindered the 
removal ability of Cr(VI) under high pH conditions 

(Zhao et al. 2015); (3) the redox potential of Cr(VI)/
Cr(III) at low pH values was significantly higher 
than that at high pH values.

From the Zeta potential,we can be seen that when 
pH = 6, the charge in the solution is 0, showing elec-
trical neutrality. When pH < 6, the solution is posi-
tively charged (Fig.  4b). With the decrease of pH, 
the binding ability of positively charged nitrogen 
(N+) on the surface of PEI to Cr(VI) in the form of 
anion is stronger, and the adsorption effect will be 
better. Therefore, when pH = 2, 1%PPCA has the best 
adsorption effect on Cr(VI).

Effects of dosage

Wirh the dosage of 1%PPCA increased from 1  g 
L−1 to 3 g L−1, the removal rate of Cr(VI) increased 
significantly, from 44.44% to 94.45% (Fig.  5c). The 
main reason is that when the dosage of 1%PPCA is 

Fig. 5   The effect of PEI 
concentration (a), pH (b), 
dosage (c), initial concen-
tration of Cr(VI) (d), and 
time and temperature (e) 
on the Cr(VI) adsorption 
capacity and removal rate 
by 1%PPCA
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small, the adsorption sites of Cr(VI) are few. With 
the increase of the dosage of 1%PPCA, the adsorp-
tion sites for Cr(VI) increases, which significantly 
improves the adsorption effect. Continuing to 
increase the dosage of 1%PPCA, the Cr(VI) removal 
rate exhibits a saturation plateau (Fig.  5c). This is 
mainly because the adsorption of Cr(VI) in water 
by 1%PPCA has reached adsorption equilibrium. 
Even if the dosage is increased, the removal rate of 
Cr(VI) will not be significantly improved. However, 
the adsorption capacity of Cr(VI) decreases with the 
increase of the dosage of 1%PPCA, which is mainly 
because: (1) when the adsorption site exceeds the 
adsorption site required for saturation, the adsorption 
capacity decreases; (2) when calculating the adsorp-
tion capacity with formula (1), the dosage is used 
as the denominator, and its value has a great impact 
on the adsorption capacity. The larger the value, the 
smaller the adsorption capacity (Fig. 5c).

Effects of initial concentration of Cr(VI)

The adsorption capacity of Cr(VI) increases with the 
increase of the initial concentration of Cr(VI), from 
0.2 mg g−1 to 4.96 mg g−1 (Fig. 5d). This is mainly 
because that as the initial concentration of Cr(VI) 
increases, the difference between the concentration 
of Cr(VI) in water and the concentration of 1%PPCA 
surface becomes larger, so the adsorption perfor-
mance is enhanced and the adsorption capacity is 
increased. The removal rate of Cr(VI) decreases with 
the increase of the initial concentration of Cr(VI) 
(Fig. 5d). This can be explained by that as the initial 
concentration of Cr(VI) increases, the capacity of 
Cr(VI) that needs to be adsorbed in water increases, 
however, the adsorption capacity of 1%PPCA is 
constant. When the adsorption sites on the surface 
of 1%PPCA are all occupied, Cr(VI) is no longer 
adsorbed by 1%PPCA.

Effects of time and temperature

As the adsorption contact time increases, the adsorp-
tion capacity also increases. When the contact time 
is 180  min, the adsorption capacity reaches the 
maximum value of 1.58 mg g−1 (Fig. 5e). When the 
contact time further increases from 180 to 360 min, 
the adsorption capacity is unchanged, which 

indicates that the adsorption has reached the adsorp-
tion equilibrium.

The capacity of adsorption increases with the 
increase of temperature, which shows that tempera-
ture rise is conducive to the adsorption of Cr(VI) 
from water. When the temperature increased from 
20 to 30 °C, the adsorption capacity increases sig-
nificantly from 1.37  mg g−1 to 1.53  mg g−1. When 
further increasing the temperature from 30 to 40 °C, 
the adsorption capacity increases slowly (Fig.  5e). 
This may be because the increase of temperature can 
accelerate the diffusion rate and improve the adsorp-
tion performance of 1%PPCA for Cr(VI). However, 
when the temperature is too high, the material may 
be easily damaged, so the adsorption effect increases 
slowly. Thus, the optimal adsorption temperature is 
30 °C.

Adsorption kinetics

Adsorption kinetics is mainly used to describe the 
adsorption rate of the adsorbent. There are three 
adsorption kinetic models, namely the quasi-first-
order, the quasi-second-order adsorption kinetic 
equation, and the intra-particle diffusion model (Xiao 
et  al. 2017). Fitting the adsorption data with these 
three equations can reveal the adsorption mechanism 
of the adsorbent.

The quasi-first-order adsorption kinetic equation 
is the proportional relationship between the reaction 
adsorption rate and the concentration of reactants, 
and its linear expression (Indra et al. 2005) is:

where Qe is the equilibrium adsorption capacity (mg 
g−1), Qt is the adsorption capacity at time t (mg g−1), 
and k1 is the reaction rate constant of the quasi-first 
order adsorption kinetic equation.

The quasi-second-order kinetic equation assumes 
that the adsorbent and the adsorbate undergo a chemi-
cal reaction, and the adsorption rate is affected by the 
chemical adsorption process. This process involves 
the gains and losses of electrons or the sharing of 
electrons. Its linear expression (Indra et al. 2005) is:

(3)log
(

Qe − Qt

)

− k1t + logQe

(4)
t

Qt

=
t

Qe

+
1

k2Qe
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where k2 is the adsorption rate constant of the quasi-
second-order kinetic equation, h = k2Qe is the initial 
adsorption rate constant (mg g−1 h−1).

The intra-particle diffusion model is mainly used 
to describe the process of adsorbent diffusion to 
the surface of the adsorbent through macropores or 
micropores. Its linear expression (Indra et  al. 2005) 
is:

where k3 is the diffusion rate constant within the par-
ticle (mg g−1 h−0.5), the larger the value, the easier the 
adsorbate diffuses inside the adsorbent.

The quasi-second-stage adsorption kinetic equa-
tion not only has a high degree of fit, but also its Qe 
is closer to qe. Exp (Fig. S2a-b and Table  S2). This 
shows that this process is controlled by chemical 
reactions. We can also find the process of 1%PPCA 
adsorption of Cr(VI) can be divided into two stages. 
The R2 > 0.99 of the two stages indicates that Qt has a 
linear relationship with t0.5, and there is intra-particle 
diffusion in this process. The k3 of the first stage is 
0.87659, and the k3 of the second stage is 0.00525 
(Fig. S2c and Table S2). It shows that the adsorbent 
in the first stage is prone to internal diffusion in the 
adsorbate. This is mainly because there is a large 
concentration difference between the 1%PPAC sur-
face and the Cr(VI) at the beginning of the reaction, 
and the mass transfer driving force is large. Particles 
are mainly diffused through macropores, so particle 
diffusion is easy with. As the reaction proceeds, the 
adsorption sites on the surface of 1%PPCA are gradu-
ally occupied by chromium ions, which reduces the 
adsorption rate. At this time, the particles diffuse 
mainly through the micropores inside the adsorbate.

Adsorption isotherm

The adsorption isotherm expresses the relationship 
between adsorption capacity and solution concentra-
tion when adsorption reaches equilibrium at a cer-
tain temperature. It can describe the mechanism of 
action between adsorbate and adsorbent, which has a 
great effect in exploring the surface characteristics of 
adsorbate and adsorbent (Guo et al. 2017a, 2017b).

The langmuir isotherm is used to show that the 
adsorption reaction is a monolayer surface adsorption. 

(5)Qt = k3t
1

2 + Qe

Many uniform adsorption active sites are distrib-
uted on the adsorbent, and one molecule can only be 
adsorbed to one active site (Charpentier et al. 2016). 
When the surface adsorption active sites are all occu-
pied, the adsorption capacity reaches the saturation 
value. The equation (Indra et al. 2005) is:

Convert it into a linear expression (Indra et  al. 
2005) as:

where Ce is the equilibrium concentration (mg L−1); 
Q0 is the maximum adsorption capacity for single-
molecule adsorption (mg g−1); b is the Langmuir con-
stant, which indicates the binding force between the 
adsorbent and the adsorbate.

The freundlich isotherm indicates that the adsorp-
tion reaction belongs to multi-molecular layer adsorp-
tion (Lin et al. 2017a, 2017b). The active adsorption 
sites are unevenly distributed on the adsorbent. The 
equation (Indra et al. 2005) is:

where KF is the equilibrium adsorption constant, 
which reflects the strength of the adsorption capac-
ity; 1/n is the composition factor, which indicates 
the strength of the adsorption capacity increases 
with the concentration, and reflects the difficulty of 
adsorption.

The Freundlich adsorption isotherm better reflects 
the adsorption behavior of 1%PPCA for Cr(VI), indi-
cating that the adsorption of 1%PPCA on Cr(VI) is 
multi-molecular layer adsorption. It can be seen from 
the table S2 that n > 1, indicating that the adsorption 
reaction is easy to proceed. The maximum adsorption 
capacity of 1%PPCA for Cr(VI) is 6.62 mg g−1 (Fig. 
S3a-b and Table S2).

Adsorption thermodynamics

To explain the effect of temperature on the adsorp-
tion of chromium ions, it is very important to calcu-
late the thermodynamic constants of adsorption. The 

(6)
1

Qe

=
1

Q0

+
1

bQeCe

(7)
Ce

Qe

=
1

bQ
+

Ce

Q0

(8)lgQe = lgKF +
lgCe

n
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thermodynamic isotherm is mainly used to evaluate 
the change of energy and entropy of the adsorbent 
during the adsorption process. The equation between 
the Gibbs free energy change (ΔG0) and the distribu-
tion coefficient KD (Indra et al. 2005) is:

The equations of enthalpy change (ΔH0), entropy 
change (ΔS0) and ΔG0 (Indra et  al. 2005) are as 
follows:

Combining this formula (9) with formula (10), the 
Vanter Hoff equation (Indra et al. 2005) is obtained as 
follows:

where R is the gas constant 0.008314 kJ mol−1 K−1; T 
is the absolute temperature K.

It can be seen from Fig. S3c and Table  S3 that 
ΔH0 > 0 in the adsorption process of Cr(VI) by 

(9)ΔG0 = −RTInKD

(10)ΔG0 = ΔH0 − TΔS0

(11)In KD = −
ΔG0

RT
=

ΔS0

R
−

ΔH0

RT

1%PPCA, indicating that the reaction is an endo-
thermic reaction. Thus, the adsorption performance 
improved gradually with the increase of tempera-
ture. ΔS0 > 0, indicates the entropy increases during 
the adsorption process of Cr(VI) by 1%PPCA, which 
means that the complexity and stability of adsorp-
tion, and the degree of freedom of the liquid–solid 
surface increase. From table S3, we can also find that 
ΔG0 < 0, indicating that this reaction can proceed 
spontaneously. As the temperature increases, ΔG0 
gradually becomes smaller, which further shows that 
increasing the temperature can promote the adsorp-
tion progress.

Adsorption mechanism of Cr(VI) by 1%PPCA

XPS was used to analyze the chemical elemen-
tal composition of the surface before and after the 
adsorption of chromium ions by 1%PPCA. The 
1%PPCA before adsorption has obvious energy 
bands at 531.9, 397.9 and 284.3 eV, and these peaks 
are assigned to O1 s, N1 s and C1s, respectively 

Fig. 6   XPS characteriza-
tion of 1%PPCA before (a) 
and after(b) Cr(VI) adsorp-
tion, Cr 2p high resolution 
spectra (c)
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(Wan et al. 2017). Compared with 1%PPCA before 
adsorption, two new energy bands appeared at 
586.8  eV and 577.3  eV for 1%PPCA after adsorp-
tion, which were assigned to Cr2p1/2 and Cr2p3/2, 
respectively (Fig.  6a-b) (Ballav et  al. 2012; Zhang 
et  al. 2016). The adsorbed 1%PPCA contained 
Cr2p1/2 and Cr2p3/2, which also indicated that 
Cr(VI) and Cr(III) coexisted on the surface of the 
material. In addition, the energy of O1 s showed an 
obvious upward trend, while the energy of N1 s and 
C1s decreased, which may be due to the reaction of 
chromium ions with the amino and C elements in 
the material. The adsorption mechanism was further 
studied, and the spectra of Cr2p3/2 and Cr2p1/2 
could be divided into two peaks (Fig.  6c). One is 

Cr(III) centered at 576.6 eV and 586.1 eV; the other 
is Cr(VI) centered at 577.6 eV and 587.2 eV. This 
may be due to the presence of abundant hydroxyl 
and amino groups on the surface of the material, 
which can act as electron donors for the reduction 
of Cr(VI) (Chen et al. 2018). The result is also con-
firmed by previously reported studies (Zhao et  al. 
2015; Fang et al. 2018; Shao et al. 2021).

In summary, the adsorption mechanism of Cr(VI) 
by 1%PPCA (Fig.  7) in this experiment mainly 
includes the following aspects: (1) Cr(VI) can be 
adsorbed on the porous activated carbon surface; 
(2) Cr(VI) is reduced to Cr(III) by a large number 
of hydroxyl and amino groups on the surface of 
the material; (3) N–N in the material can be com-
bined with Cr(VI) through chelation, thereby being 
removed; (4) Electrostatic attraction is formed 
between NH3

+ in polyethyleneimine and Cr(VI).

Desorption studies

Dilute NaOH solution (1  M) was used to desorb 
Cr(VI) from the 1%PPCA Surface while prevent 
the degradation of the adsorbent. The mechanism 
of desorption may be the replacement of chromate 
anions (Mallampati et  al. 2013) and protonated 
cations (Wan et  al. 2008) with hydroxyl ions. The 
adsorption effect of the desorbed material on Cr(VI) 
showed a significant downward trend (Fig. 8). This 
may be because PEI has a strong binding ability to 
Cr(VI) through chelation, and has a low desorption 

Fig. 7   The mechanism of 
1%PPCA for the removal of 
Cr(VI)

Fig. 8   Adsorption/desorption cycles of 1%PPCA in Cr(VI) 
adsorption after third recycle
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efficiency, resulting in a decrease in the adsorption 
performance of the desorbed material. This study 
also demonstrated that the material is disposable.

This material is mainly composed of plant fibers 
and activated carbon. Plant fibers are easily degraded 
in soil. Activated carbon has a poorer degradability 
than plant fibers, but it is a non-toxic material and 
has less environmental pollution. All in all, a green, 
low-cost, disposable paper-based adsorption material 
was successfully prepared for the efficient removal of 
chromium ions from drinking water. The fabrication 
method is straightforward and large-scalable, provid-
ing a new way for the design of other biomass-based 
adsorption materials.

Conclusions

In this study, a green, low cost, and degradable dis-
posable adsorption material was prepared by a 
combination of wet forming process and physical 
impregnation method. The adsorption effect of the 
1%PPCA was greatly affected by the pH, and the 
optimal pH was 2, and the adsorption capacity could 
reach 1.58 mg g−1. The adsorption process of Cr(VI) 
by 1%PPCA for was multi-molecular layer adsorp-
tion and the adsorption was controlled by chemical 
reactions. The process of adsorbing Cr(VI) by the 
1%PPCA could proceed spontaneously. The adsorp-
tion mechanism of Cr(VI) on 1%PPCA included elec-
trostatic attraction, redox and chelation. Even though 
this material shows inferior adsorption capacity when 
compared with other heavy metal adsorbents, but it 
has the advantages of degradability, low-cost and and 
scalable production. All in all, the developed green 
PPCA adsorption materials had a certain removal 
effect on low-concentration Cr(VI), and was expected 
toused as the outermost layer of domestic water puri-
fier to remove particulate matter, residual chlorine, 
heavy metals and other pollutants from drinking 
water.
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