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ABSTRACT

In this study, a novel set of polyamidoamine (PAMAM) dendrimer-modified biochar adsorbents
(BC-G1, BC-G2, and BC-G3) were fabricated using the “graft onto” method. The results showed that
the modified biochar adsorbents, with the inclusion of amine functional groups, exhibited higher
Cr(VI) removal efficiency compared with the original biochar at pH 2. The adsorption capacity of
biochar adsorbents was in the following order: BC-G2 > BC-G1 > BC-G3, with maximum adsorption
capacity of 120.77, 101.52, and 40.98 mg/g at 30°C, respectively. The effects of cations Cu(Il), Cd(II),
Mn(I), Ca(II), and K(I) or anions (CI, NO;, and HPO?") in wastewater on the adsorption of Cr(VI)
were insignificant, except for SO}. The adsorption process of all biochar materials for removing
Cr(VI) was well described using the pseudo-second-order kinetics model and Langmuir adsorption
isotherm model. The Cr(VI) adsorption was primarily based on the chemical adsorption of a sin-
gle molecular layer, accompanied by electrostatic interaction, reduction, and surface complexation.
In addition, the adsorbents could be regenerated using a 0.2 M NaOH solution, and the adsorp-
tion capacity of the BC-G2 remains high for four adsorption-desorption cycles. Therefore, PAMAM

dendrimer-based biochar adsorbent (BC-G2) can effectively remove Cr(VI) from wastewater.
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1. Introduction

Heavy metals, such as chromium (Cr), have been a
major environmental pollutant worldwide. United States
Environmental Protection Agency (US EPA) categorized
Cr as a priority pollutant due to its carcinogenicity,
non-biodegradability, and bioaccumulation properties
[1,2]. Cr is an important raw material for some industries;
it is extensively used in leather tanning, electroplating,
wood preservation, and cooling towers [3]. The discharge
of untreated wastewater containing a high concentration
of Cr can cause severe damage to plants and animals as

* Corresponding authors.

well as humans. Generally, Cr(VI) and Cr(III) are the main
forms of Cr in the natural environment, among which
Cr(VI) exhibits higher toxic effects than Cr(III) [4,5]. In
aqueous media, the Cr(VI) toxicity is 1,000 times higher
than that of Cr(Ill) [6]. As a result, long-term exposure
to Cr(VI) can damage the kidney and liver as well as the
human circulatory system [7]. Therefore, the removal of
Cr(VI) from wastewater is urgent and vital, reducing the
environmental pollution.

Currently, precipitation, ion-exchange, electrodialysis,
biological remediation, and adsorption methods are used
to remove Cr(VI) from water [8]. Among these methods,
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adsorption has attracted research attention owing to its
cost-effectiveness, simplicity, high efficiency, and eco-
friendliness advantages for toxic metal ion removal [6,9-12].
The development of inexpensive and efficient adsorbents is
the key to practical and economical applications of adsorp-
tion methods [11]. Biochar is a stable heterogeneous car-
bonaceous material obtained through biomass pyrolysis
under a limited or oxygen-free atmosphere [13,14]. Biochar
is a sustainable adsorbent for removing heavy metals from
wastewater due to its low-cost, availability, and eco-friendly
advantages [15]. However, the low adsorption capacity and
selectivity of raw biochar adsorbents hinder their poten-
tial applications in wastewater treatment [16]. Thus, recent
studies have focused on surface modification of pristine
biochar using various exogenous functional groups, such
as carboxylic, amino, hydroxyl, and thiol, to improve their
adsorption performance and increase selectivity for certain
heavy metal pollutants [17,18]. In addition, studies have
shown that amine-modified biochar is more effective in
adsorbing anionic Cr(VI) [19]. Moreover, the performance
of adsorbents is mainly influenced by the specific surface
area of the materials and the density of functional groups
responsible for adsorption [20]. Thus, the modification of bio-
char with a high density of amino functional groups would
greatly improve the adsorption performance of Cr(VI).

Polyamidoamine (PAMAM) dendrimer consists of
numerous cavities and peripheral amine groups with a
well-defined three-dimensional hyperbranched structure.
PAMAM has been used to fabricate super adsorption mate-
rials due to its unique molecular structure and the attrac-
tive binding ability for metal ions [21,22]. For instance,
Lee et al. [20] used the PAMAM dendrimer to modify
mesoporous silica foam or fibrous nano-silica for efficient
adsorption of Gd(III). Hayati et al. [23] reported the mod-
ification of carbon nanotubes with PAMAM dendrimer to
remove Cu(II) and Pb(II) from an aqueous solution with an
adsorption capacity of 3,333 and 4,870 mg/g, respectively.
Similarly, the PAMAM dendrimer has also been employed
to prepare adsorbents for Cr(VI) removal. Zhou et al. [24]
constructed the PAMAM dendrimer functionalized gel for
removing Cr(VI), with a maximum adsorption capacity of
267.4 mg/g. Liu et al. [25] reported the removal of Cr(VI)
from an aqueous solution with graphene oxide/polyami-
doamine dendrimer composites. Therefore, modification
of biochar with PAMAM dendrimer would enhance the
adsorption capacity of biochar adsorbent toward Cr(VI).
Meanwhile, surface amino groups of modified biochar
adsorbents are actively working to make a stable com-
plex with anionic Cr(VI) at a specific pH region. Thus, the
modified biochar adsorbents can effectively adsorb Cr(VI)
with high adsorption capacity and selectivity.

Specifically, PAMAM dendrimer-based adsorbents can
be fabricated via “graft from” or “graft onto” methods.
Graft onto methods have an advantage in direct grafting of
a certain PAMAM dendrimer with control geometry regu-
larity of the substrates through coupling attachment [22].
Therefore, in this study, PAMAM dendrimer was used to
modify a novel set of biochar sorbents via a “graft onto”
method to enhance Cr(VI) removal in an aqueous solu-
tion. Moreover, different generations of PAMAM den-
drimer-modified biochar adsorbents were prepared to

investigate the effect of the density of functional groups
on the adsorption capacity. The synthesized sorbents were
characterized using Fourier-transform infrared spectros-
copy (FTIR), X-ray photoelectron spectroscopy (XPS),
scanning electron microscope (SEM), and N, adsorption/
desorption as well as thermogravimetric analysis (TGA).
The effects of different parameters, such as solution pH,
contact time, adsorbent dosage, initial concentration of
Cr(VI), temperature, and coexisting ions on the adsorption
performance of the modified biochar adsorbents toward
Cr(VI) were investigated. In addition, adsorption kinetics,
adsorption isotherms, and adsorption mechanisms of the
modified biochar adsorbents were studied. Furthermore,
the regeneration and repeated cycles of sorbents were
evaluated for effectiveness in practical application.

2. Materials and methods
2.1. Materials

Rice straw biomass, collected from farmlands in
Kunming, Yunnan Province, China, was used as the feed-
stock for preparing biochar. Ethylenediamine (EDA),
methylacrylate (MA), 1-ethyl-3-(3-dimethyl-aminopro-
pyl) carbodiimide hydrochloride (EDC-HCI), N-hydroxyl
succinimide (NHS), and 1,5-diphenylcarbazide were pur-
chased from Aladdin industrial corporation (Shanghai,
China). Other reagents used in this study included
K,Cr,0,, HNO,, HCl, NaOH, CuCl-2H,0, CdCL-2.5H,0,
MnCl,-4H,0, CaCl,, KCI, NaCl, NaNO,, Na,SO,, Na,HPO,,
ethanol, and toluene, all of which were analytical grade, and
they were purchased from Shanghai Macklin Biochemical
Co., Ltd., China. Deionized (DI) water (18.2 MQ) was
used for all experiments. The first-generation PAMAM
dendrimer (G1), second-generation PAMAM dendrimer
(G2), and third-generation PAMAM dendrimer (G3) were
synthesized according to the procedures described in the
previously reported work [26].

2.2. Characterization

The functional groups of biochar samples were iden-
tified using FTIR (VERTEX 70, Bruker, Germany) at the
wavelength ranging from 4,000 to 600 cm™. The state of the
adsorbent elements before and after adsorption was ana-
lyzed using XPS (K-Alpha 1063, Thermo Fisher Scientific,
USA). The surface morphology of the adsorption materials
was investigated using SEM (JSM-7610 F, Japan Electronics,
Japan). The N, adsorption/desorption isotherm was mea-
sured at liquid nitrogen temperature (77 K) using a volumet-
ric adsorption analyzer (Tristar-3000, Micromeritic, USA).
The specific surface area was calculated using Brunauer—
Emmett-Teller (BET) method. The pore-size distributions
of micropores and mesopores of samples were examined
using the Horvath-Kawazo and Barrett-Joyner-Halenda
methods, respectively. The point zero charges (pH,,.) were
measured using the method described by Zhang et al.
[27]. The TGA curves were recorded using Jupiter thermal
analyzer (Netzsch, STA409PC, Germany) at temperatures
ranging from 25°C to 800°C under N, at a heating rate of
20°C/min.
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2.3. Preparation of carboxylated biochar

Rice straw was used as feedstock to produce biochar
in an oxygen-limited condition at 400°C and a heating rate
of 10°C/min in a muffle furnace for 3 h. The solid residue
was collected, ground, sieved (to pass through 100-mesh,
0.15 mm), and then repeatedly washed with DI water until its
pH was constant. The washed biochar was dried overnight
at 70°C, and it was named pristine biochar (BC). Then, the
obtained biochar was modified with nitric acid to prepare
carboxylated biochar. Pristine biochar (20.0 g) was added
to a solution of DI water (100 mL) and HNO, (100 mL),
and the mixture was kept at 60°C for 12 h. Finally, the solid
prodcut was filtered and then rinsed with DI water and
ethanol. The product was dried at 70°C for 24 h and then
named carboxylated biochar (BC-COOH).

2.4. Preparation of PAMAM dendrimer modified biochar

The PAMAM dendrimer-modified biochar was syn-
thesized via the “graft onto” method by forming an amide
bond between the carboxy of BC-COOH and the amine of
PAMAM dendrimer end functional groups [28]. DI water
(60 mL) and BC-COOH (6 g) were added to a 500 mL
three-stoppered flask; then, EDC-HCI (6 g) and NHS (4 g)
were added to the mixture. After shaking the obtained mix-
ture for 1 h at room temperature, a solution of G2 (12 g)
was dissolved in methanol (120 mL), introduced into
the mixture, and then reacted at 80°C for 24 h. The solid
product was filtered and washed with DI water and eth-
anol. Then, the solid product was dried and named G2
modified biochar (BC-G2). The preparation procedures
are shown in Fig. 1. G1 modified biochar (BC-G1) and G3

modified biochar (BC-G3) were obtained using G1 and G3
as the amination reagent, respectively.

2.5. Static adsorption studies

A stock solution of Cr(VI) (1000 mg/mL) was obtained
by dissolving K,Cr,O, in DI water, and the obtained solu-
tion was diluted to the desired concentration. The static
adsorption experiments were performed by mixing differ-
ent qualities of adsorbents with 10 mL of Cr(VI) aqueous
solution. Then, the mixture was agitated at 150 rpm in a
thermostatic shaking incubator to reach an equilibrium.
The influence of different parameters, such as solution
pH (2-8), contact time (0.5-36 h), initial Cr(VI) concentra-
tion (25-200 mg/L), adsorbent dosage (0.3-1.2 g/L), tem-
perature (20°C-50°C), and coexisting ions (Cu(Il), Cd(II),
Mn(II), Ca(II), K(), CI, NO;, HPOZ, and SOZ), on Cr(VI)
removal was investigated. The pH of the simulated waste-
water was adjusted with 1 M HCl and 1 M NaOH solution.
After adsorption, the solid and liquid phases were sepa-
rated through a 0.45-um filter. The residual concentration
of Cr(Vl) was detected with a UV-vis spectrophotome-
ter at the wavelength of 540 nm using the 1,5-diphenyl-
carbazide colorimetric method [29]. The adsorption
capacity (g,) was calculated using the following equation:

C —-C)xV
g =2V )

m

where C, (mg/L) and C, (mg/L) are the initial and final Cr(VI)
concentrations, respectively, V (L) is the volume of solution,
and m (g) is the mass of the biochar sample.
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Fig. 1. The preparation procedures of BC-G2.



114 J. Li et al. / Desalination and Water Treatment 270 (2022) 111-126

For adsorption kinetics, 5 mg of modified biochar
adsorbents was added to 10 mL of Cr(VI) solution at
50 mg/L with different contact times ranging from 0.5 to
36 h. The pH value of the Cr(VI) solution was adjusted
to 2. The obtained experimental data were fitted with three
recognized kinetic models: pseudo-first-order [Eq. (2)],
pseudo-second-order [Eq. (3)], and intraparticle diffusion
models [Eq. (4)], as follows:

In(q,-q,)=Ing, +kt 2)
L 12 + L 3)
9, k4. 4.

1
q, =k,t*+C (4)

where g, and g, denote the adsorption capacity at equilib-
rium and time t (mg/g), respectively; k, (1/h), k, (g/mg/h),
and k, (mg/g/h'?) represent the rate constants of the pseudo-
first-order, pseudo-second-order kinetic, and intraparticle
diffusion models, respectively; and C is the intercept of
intraparticle diffusion model related to the thickness of
the boundary layer.

To study the adsorption isotherm, 5 mg of modified
biochar samples was mixed with Cr(VI) solution of different
concentrations (25, 50, 75, 100, 125, 150, 175, and 200 mg/L)
at 30°C. After shaking the solution for 24 h, the residual
concentration of Cr(VI) was determined as mentioned
above. The Langmuir [Eq. (5)] and Freundlich [Eq. (6)]
models (well-known and widely used models) were used
to fit the adsorption isotherm data.
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where g, and g, are the equilibrium and maximum
adsorption capacity (mg/g), respectively. C, (mg/L) is the
equilibrium concentration of Cr(VI), C, (mg/L) is the orig-
inal Cr(VI) concentration, R, (Eq. 7) is the separation fac-
tor constant for estimating the applicability of adsorbents
toward Cr(VI), K, (L/mg) and K, (mg'™" L"/g) are the con-
stants of Langmuir and Freundlich models, respectively,
and 7 is the adsorption intensity index.

The Langmuir model considers a monolayer homoge-
nous chemisorption having finite active sites without inter-
action between the adsorbents [30], while the Freundlich
isotherm assumes multilayer uptake of adsorbates on the
active sites with heterogeneous energetic distribution [31].

The thermodynamic parameters AG®, AH®, and AS° were
used to study the thermodynamics of Cr(VI) adsorption

using modified biochar samples according to the following
equations:
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AG® = AH® —TAS® (10)
where g, (mg/g) and C, (mg/L) are the equilibrium adsorption
capacity and concentration of Cr(VI), respectively; T is the
temperature; R (8.314 J/mol/K) is the general gas constant;
and AS°, AH®°, and AG® are the entropy, enthalpy change,
and change of Gibbs free energy, respectively.
Adsorption—desorption experiment was used to study
the stability and reusability of biochar adsorbents. After
adsorption, the biochar samples were washed with 0.2 M
of NaOH, and the suspension was shaken for 12 h during
the desorption. The adsorbents were filtered, washed with
deionized water, dried, and then used in the next cycle.

3. Results and discussion
3.1. Characterization

The FTIR spectra of the biochar samples are shown in
Fig. 2a. The peaks located at 1,597 and 1,070 cm™ in the BC
spectrum were assigned to the stretching of aromatic C=C
and C-O-C groups, respectively [32]. The peaks of all the
biochar samples at 798 cm™ were attributed to the stretch-
ing of aromatic carbon [33]. After treating BC with HNO,,
a new peak at 1,710 cm™ corresponding to the carbonyl
groups (-C=0) was observed [34], confirming the oxida-
tion of biochar. Moreover, peaks at 1,534 and 1,336 cm™
represented NO, v, and NO,v_ , respectively, which
indicated that some nitro groups were incorporated into
the BC-COOH [35]. In the spectra of BC-G1, BC-G2, and
BC-G3, new characteristic peaks at 1,642 and 1,543 cm™
were well explained with the amide group (CO-NH)
of type I and type II, respectively, which indicated that
PAMAM dendrimer had been successfully grafted onto
the BC surface through chemical bonding [22,23,36]. When
compared to BC-G1 and BC-G2 spectra, BC-G3 spectra
exhibited a clear peak at 1,710 cm™, suggesting that cer-
tain amounts of carboxylic groups remain on the bio-
char after G3 functionalization. This phenomenon may
be attributed to the strong steric hindrance, leading to a
lower percentage of G3 grafted on the BC surface [37].

The variations in the elemental composition of the bio-
char sample surfaces were investigated using XPS (Fig. 2b),
and the related data are presented in Table 1. As shown in
Fig. 2b, all the biochar samples contained similar elemental
compositions, such as carbon (C), nitrogen (N), and oxy-
gen (O), with the characteristic peaks at 284.9 (C 1s), 399.9
(N 1s), and 531.9 eV (O 1s), respectively. Although there
is no considerable difference in the elemental peak of bio-
char samples, an increase in the intensity of N 1s peaks in
BC-G1, BC-G2, and BC-G3 was observed when compared
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Fig. 2. FTIR spectra (a) and XPS wide-scan spectra (b) of biochar samples, N, adsorption-desorption isotherms (c) and pore-size
distribution (inset) of BC-G1, BC-G2 and BC-G3, TGA results of the prepared BC-COOH, BC-G1, BC-G2 and BC-G3 (d).

Table 1 content of N was observed, and it was thought to be associ-
Elemental composition of BC, BC-COOH, BC-G1, BC-G2 and  ated with the incorporation of nitro groups on the surface of
BC-G3 determined by XPS analysis BC-COOH, which is in agreement with the FTIR results dis-
cussed earlier. Meanwhile, the N content of BC-G1 (9.19%),

Sorbents Atom percent (%) BC-G2 (11.24%), and BC-G3 (10.42%) was monitored.
C (%) N (%) O (%) . Th? Nz ac'isorption/desorptio'n isotherm and the pore-
size distribution of the synthesized biochar sorbents are
BC 57.34 1.52 24.61 shown in Fig. 2c, and the results are listed in Table 2. As
BC-COOH 48.87 3.69 46.78 shown in Fig. 2¢, the isotherm curve of all the biochar sam-
BC-G1 48.63 9.19 26.26 ples was identified as a typical type IV curve with an H3
BC-G2 50.45 11.24 25.39 hysteresis loop, indicating the existence of mesopores on

the adsorbent [39-41]. As shown in Table 2, the BET surface
areas of BC-G1, BC-G2, and BC-G3 were 8.678, 5.665, and
12.709 m?/g, respectively, and the pore volumes for BC-G1,
BC-G2, and BC-G3 were 0.0269, 0.0171, and 0.0289 cm?/g,
to that of BC and BC-COOH surface. Moreover, Si 2s and  respectively. As the grafted generation of PAMAM den-
Si 2p peaks were observed, which may be derived from the  drimer increased, the biochar materials showed a grad-
silicon minerals of rice straw biomass [38]. Table 1 shows ual decrease in BET surface area and pore volume, which
that there was an increase in the content of O of biochar  can be attributed to the increase in the molecular volume
after oxidation, which was attributed to the increase in  of high-generation dendrimer occupying the pores and
oxygenated functionalities. Additionally, an increase in the  the decrease in the surface area and pore volume [22,42].

BC-G3 59.68 10.42 29.57
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Table 2
Pore structure parameters of BC-G1, BC-G2 and BC-G3

Sorbents Surface area (m?*/g) Pore diameter (nm) Pore volume (cm®/g)
BC-G1 8.678 11.450 0.0269
BC-G2 5.665 12.146 0.0171
BC-G3 12.709 7.644 0.0289

Regarding BC-G3, the strong steric hindrance led to a lower
percentage of G3 grafted on the biochar; thus, a modified
biochar adsorbent with large BET surface areas and pore
volumes was obtained. Despite the small pore volume and
BET surface area in all the modified biochar adsorbents, the
samples still efficiently adsorb Cr(VI) owing to the abun-
dant active sites of functional groups, as revealed in FTIR
and XPS analyses.

The thermal stabilities of BC-COOH, BC-G1, BC-G2,
and BC-G3 are shown in Fig. 2d. The weight loss of all the
biochar sorbents can be divided into two distinct stages.
In the first stage, the weight loss at temperatures below
200°C was attributed to evaporation of the absorbed water
and pyrolysis of the oxygen-containing groups [43]. The
second stage of weight loss was observed at temperatures
between 200°C and 800°C, which was attributed to the
thermal decomposition of the dendrimer layer and the sta-
ble functional groups [44]. The final weight loss of BC-GI,
BC-G2, and BC-G3 was 39.26%, 43.99%, and 34.72%, respec-
tively, corresponding to ca. 6.75, 11.47, and 2.17 wt.% of G1,
G2, and G3, respectively, grafted on the biochar [20].

Fig. 3 depicts the surface morphology microstructure
of the biochar samples, observed through SEM. Fig. 3a
shows the uniform distribution of a neat surface and
the honeycomb structure on the BC surface. The porous
surface structure of BC was even and regular. When the
biomass was pyrolyzed, a volatile gaseous substance gen-
erated by some of the organic compounds of biomass
was released, resulting in the formation of morpholog-
ical microstructures [6,45]. Compared with Fig. 3a and
b shows some collapsed pores of BC-COOH. This was
related to the addition of HNO,. As shown in Fig. 3c-e,
the honeycomb fracture surface was maintained after the
bonding of PAMAM dendrimer onto biochar, which indi-
cated that the surface morphology of biochar was hardly
influenced by the functional modification [46].

3.2. Effect of different parameters on Cr(VI) adsorption
3.2.1. Effect of solution pH on Cr(VI) adsorption capacity

Studies have shown that the pH value of aqueous solu-
tions affects the existing species of metals and the charge
properties of the adsorbent [47]. The main forms of Cr(VI)
were HCrO; and CrZO§ within the pH range of 1-6, whereas
CrO% was predominant at pH = 7-10 [48]. Fig. 4a shows
the effect of solution pH on the Cr(VI) adsorption capac-
ity of the three different modified biochar samples. The
adsorption capacity of all the adsorbents for removing
Cr(VI) significantly decreased as the solution pH increased
from 2 to 8. This phenomenon has been observed in other

studies [24,48,49], and it could be attributed to the elec-
trostatic attraction between the negatively charged Cr(VI)
anions and positively charged biochar surface at a lower
pH [49]. In addition, the point of zero charges (pH,,.) of
BC-G1, BC-G2, and BC-G3 (Fig. 4b) was 6.39, 6.55, and 4.74,
respectively. When the pH of the solution was lower than the
pH,,, the functional groups on the biochar surface would be
protonated, which is beneficial for the adsorption of Cr(VI)
anions. The adsorption capacity decreased with increasing
pH, which may be a result of a few positively charged sur-
faces associated with weak electrostatic attraction toward
Cr(VI) ions [24]. These results showed that the adsorption
behavior of PAMAM dendrimer-modified biochar adsor-
bents was significantly affected by the pH of the solution,
and the highest Cr(VI) adsorption capacity was achieved at
pH = 2. Thus, subsequent experiments were conducted at a
pH of 2 to obtain the optimal adsorption performance.

3.2.2. Effect of PAMAM generations on Cr(VI) adsorption
capacity

Different biochar adsorbents were applied to remove
Cr(VI). As shown in Fig. 5a, the adsorption capacity of Cr(VI)
showed a significant increase after the modification of the
biochar with the PAMAM dendrimer. The adsorption capac-
ities of BC-G1, BC-G2, and BC-G3 for Cr(VI) removal were
69.5, 75.8, and 31.7 mg/g, respectively, at a pH of 2, which
were much higher than that of BC (25.6 mg/g) and BC-COOH
(12.1 mg/g). The adsorption capacities of these functionalized
sorbents followed the sequence of BC-G2 > BC-G1 > BC-G3,
which is similar to the result reported by Qin et al. [37] in
the study of Hg(II) uptake properties of polyacrylamide/ATP
(PAMAM-ATP). This phenomenon could be attributed to the
generation number and the steric hindrance of the PAMAM
dendrimer. When the generation number of PAMAM den-
drimers increases, the number of G2 functional groups
grafted onto biochar increase the adsorption capacity of
BC-G2 compared to BC-G1. However, the strong steric hin-
drance of G3 led to a lower percentage of functional groups
on the basal plane of BC-G3, thus decreasing the adsorption
capacity of BC-G3 [37].

3.2.3. Effect of contact time and adsorbent dosage on Cr(VI)
adsorption capacity

The effect of contact time on Cr(VI) adsorption capacity
is illustrated in Fig. 5b. The amount of adsorbed Cr(VI)
increased rapidly in the first half-hour owing to abundant
active sites of absorbents, with the higher Cr(VI) concentra-
tion acting as the driving force. Subsequently, the adsorp-
tion capacity of biochar adsorbents gradually decreased
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Fig. 3. SEM images of BC (a), BC-COOH (b), BC-G1 (c), BC-G2 (d) and BC-G3 (e).

and then reached an equilibrium with increasing contact
time. This phenomenon may be attributed to the decreasing
active sites and repulsive forces between absorbed and unab-
sorbed Cr(VI) [6]. The effect of biochar adsorbent dosages on
Cr(VI) uptake is illustrated in Fig. 5c. The amounts of Cr(VI)
adsorbed decreased with an increase in adsorbent dosage.
The result might be attributed to the availability of active
sites at lower absorbent doses and aggregation of adsorp-
tion particles at higher adsorbent doses [50]. Similar results
have been previously reported in other studies [11,50].

3.2.4. Effect of initial Cr(VI) concentration and
temperature on Cr(VI) adsorption capacity

The adsorption capacity of biochar adsorbents for Cr(VI)
increased with an increase in the initial concentration of

Cr(VI) (Fig. 5d), which at a higher concentration creates
a larger concentration gradient between the liquid phase
and the biochar adsorbent surface [11]. The influence of
adsorption temperature on the adsorption capacity of
biochar samples for removing Cr(VI) is shown in Fig. 5e.
The adsorption capacity of all the adsorbents increased as
the temperature rose from 20°C to 50°C, meaning that the
removal of Cr(VI) using the modified biochar adsorbent
was an endothermic process [48].

3.2.5. Effect of coexisting cations on Cr(VI)
adsorption capacity

The actual wastewater containing other soluble ions
may affect the adsorption capacity of Cr(VI) to some
extent. Thus, the influence of coexisting cations on Cr(VI)
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adsorption of BC-G1, BC-G2, and BC-G3 were investigated.
The concentrations of Cr(VI) and each coexisting ion were
maintained at 50 mg/L. As shown in Fig. 6a, the coexist-
ing cations Cu(Il), Cd(Il), Mn(II), Ca(Il), and K(I) had lim-
ited influence on Cr(VI) removal. The impact of coexisting
anions Cl, NO;, and HPO? on the adsorption capacities
of three biochar adsorbents for removing Cr(VI) was rel-
atively low. However, the existence of SO significantly
reduced the adsorption capacities of adsorbents (Fig. 6b).
This phenomenon indicated that SO?- could compete with
Cr(VI) anions on the adsorbents to a certain extent owing
to the similarity in SO?- and Cr,0* molecular structures
and their negative charges, leading to the decrease in the
removal efficiency of Cr(VI) [51]. This phenomenon is
consistent with previously reported works [7,51].

3.3. Adsorption modeling
3.3.1. Adsorption kinetics

The pseudo-first-order model and the pseudo-second-
order model were used to investigate the adsorption pro-
cess of materials. The fitted plots of these models for
Cr(VI) sorption are shown in Fig. 7a and b. The fitted
parameters and correlation coefficients are listed in Table 3.
The correlation coefficient R? of all the biochar adsorbents
for the pseudo-second-order model is higher than that of

Table 3

the pseudo-first-order model, which indicates that the
pseudo-second-order model is adequate to depict the
adsorption kinetics of Cr(VI). Meanwhile, the adsorption
capacities calculated by the pseudo-second-order model
(q,.) are consistent with the experimental equilibrium
(4, .p)- The results suggested that the adsorption of Cr(VI)
using the PAMAM dendrimer-modified biochar was based
on chemical adsorption, meaning the electron transfer,
exchange or sharing was generated and chemical bond was
formed in the adsorption process [44]. Moreover, the fitting
results of the intraparticle diffusion model are shown in
Fig. 7c. The fitted line of all the biochar samples of g, and
2 does not pass through the origin, revealing that intra-
particle diffusion is not the only rate-controlling step in the
entire adsorption process [11].

3.3.2. Adsorption isotherm

In order to investigate the interaction behaviors
between adsorbate and adsorbent, the sorption isotherms
of Cr(VI) onto the biochar materials were simulated using
the Langmuir and Freundlich models. The fitting results
are shown in Fig. 7d and e. The corresponding correlation
coefficients and constants are listed in Table 4. The results
showed that the Langmuir isotherms (R* = 0.9775-0.9971)
had a better line-fitting effect than the Freundlich iso-
therms (R? = 0.6133-0.9273), suggesting that the Langmuir

Parameters and determination coefficients of the kinetic models for the uptake of Cr(VI) onto BC-G1, BC-G2 and BC-G3

Sorbents ¢, Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model
88 g mgm)  KOW R g mgd)  kemgh) Rk C R
BC-G1 68.05 20.23 0.1292 09782  70.87 0.0158 0.9985  4.3206 47.0306 0.9227
BC-G2 77.92 21.02 0.1436 09123 79.74 0.0207 0.9988 4.1857 57.1967 0.9008
BC-G3 32.56 16.30 0.1129 09705  36.18 0.0126 0.9905  3.6416 14.865 0.9696
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Table 4

Parameters and determination coefficients of the isotherm models for Cr(VI) adsorption on BC-G1, BC-G2 and BC-G3

Sorbents Dyonp Langmuir Freundlich

ey k, T M8/)) K () R K, n R
BC-G1 99.14 0.0415-0.2574 101.52 0.1154 0.9971 30.0445 4.0098 0.8685
BC-G2 114.52 0.0369-0.2347 120.77 0.1304 0.9964 38.4039 4.2205 0.9273
BC-G3 39.38 0.0190-0.1267 40.98 0.2757 0.9775 16.5249 5.2857 0.6133

model is more suitable for describing the sorption behav-
ior as monolayer coverage on the adsorbents [12,30,52,53].
The adsorption capacities (q,,,, ) values of BC-G1, BC-G2,
and BC-G3 calculated by Langmuir model for Cr(VI) are
101.52, 120.77, and 40.98 mg/g, respectively. Specifically, the
value of R, could reveal the adsorption tendency: irrevers-
ible (R, = 0), favorable (0 < R, < 1), linear (R, = 1), or unfa-
vorable (R, > 1) [48]. Herein, the values of R, in all concen-
trations were between 0 and 1; thus, the adsorption process
was considered favorable.

3.3.3. adsorption thermodynamics

According to Fig. 5e, Eqs. (8)-(10) were used to calcu-
late the thermodynamic parameters of Cr(VI) adsorption
by modified biochar samples. The linear fit of InK_vs. T™
is shown in Fig. 7f, and the corresponding parameters are
listed in Table 5. The negative values of AG® reveal the
spontaneous nature and feasibility of the Cr(VI) adsorp-
tion process onto the biochar adsorbents. Moreover, the
AG° became more negative at higher temperatures, which
indicated that the increase in temperature favored the
adsorption of Cr(VI) ions. However, the AG® values of
BC-G3 at 20°C, 25°C, and 30°C were positive, represent-
ing non-spontaneous behavior, which may be attributed
to the special cavity and hindrance of the sorbent formed
in the preparation process by grafting G3 on biochar [37].
The positive values of AH® confirmed that the adsorption

was an endothermic process. The positive values of AS°
showed that the disorderliness of the solid/liquid interface
increased during the adsorption process [48]. These results
indicated that higher temperatures would benefit the pro-
cess to overcome the reaction resistance and accelerate
the adsorption process.

3.4. Adsorption mechanism analysis

The XPS analyses were used to clarify the adsorption
mechanism, taking BC-G2 as an example. The results of
XPS full survey spectra are shown in Fig. 8a. A new peak
resulting from the photoelectron peak of Cr 2p appeared
after the adsorption, suggesting that Cr(VI) was absorbed on
the biochar surface, which was further confirmed through
the high-resolution Cr 2p spectra (Fig. 8b). The peaks at
578.9 and 587.9 eV corresponded to the Cr 2p,, and Cr
2p,,, of Cr(VI), respectively. Meanwhile, the peaks at 576.9
and 586.3 eV were assigned to the Cr 2p,, and Cr 2p,, of
Cr(III), respectively. The results indicated that both Cr(III)
and Cr(VI) were present on the surface of BC-G2, and the
part of Cr(VI) adsorbed on the surface was reduced to Cr(III)
[54]. The relatively high fraction (67.68%) of Cr(III) indicated
a significant contribution of Cr(VI) reduction rather than
direct Cr(VI) adsorption.

The high-resolution C 1s spectra of BC-G2 before and
after the adsorption of Cr(VI) are shown in Fig. 8c and d,
respectively. Before adsorption, the binding energy peaks at
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Table 5

Thermodynamic parameters for Cr(VI) adsorption by BC-G1, BC-G2 and BC-G3

Sorbents  AH° (kJ/mol)  AS° (J/mol/K) AG° (kJ/mol)
20°C (293 K) 25°C (298 K)  30°C (303 K) 40°C (313 K) 50°C (323 K)
BC-G1 28.8062 111.2002 -3.7755 —4.3315 -4.8875 -5.9995 -7.1115
BC-G2 22.2917 85.2187 —2.6774 -3.1035 -3.5296 —4.3818 -5.2339
BC-G3 15.4241 50.7444 0.5560 0.3023 0.0486 -0.4589 -0.9663
Table 6
Summary of the maximum adsorption capacities of various modified biochar to Cr(VI) in the literature
Adsorbents Adsorption capacity (mg/g) Temperature (°C) pH References
Iron-modified corn straw biochar 97.43 25 7 [3]
FeCl, and ZnCl,-modified corn stalks biochar 138.89 301 2 [4]
Mg/Al-layered double hydroxide intercalated with ~ 52.22 27 +0.5 3 [7]
ethylenediaminetetraacetic acid modified bamboo
shavings biochar
Urea modified poplar leaf biochar 28.3 25 3 [13]
Fe,0,@SiO,-NH, particles modified phoenix tree 27.2 30 1 [28]
leaves biochar
Nano ZnO/ZnS modified corn stover biochar 24.5 25+0.5 No pH [61]
adjustment
Cationic surfactant modified Auricularia auricula 249 25 2 [62]
dreg biochar
Polyamidoamine dendrimer modified rice straw 101.52 30 2 This study
biochar 120.77
40.98

284.7, 285.8, and 287.7 eV were assigned to C-C, C-N, and
C=0 bonding, respectively [25,55]. After binding to Cr(VI),
the change in the binding energy of C-C was almost insig-
nificant, but that of C-N and C=0O increased to 285.9 and
288.1 eV, respectively. This phenomenon may be attributed
to the interaction between neighboring N and metal ions
[25]. In addition, the high-resolution N 1s spectra of BC-G2
before adsorption of Cr(VI) (Fig. 8e) showed that the two
peaks appeared at binding energies of 399.6 and 401.5 eV,
which were attributed to amines -NH, and amide bonds
N-C=0, respectively [44]. These specific peaks shift to
higher binding energies (399.7 and 401.6 eV, respectively),
as shown in Fig. 8f, after the adsorption of Cr(VI), indi-
cating the participation of -NH, groups and amide bonds
N-C=0 in the Cr(VI) adsorption process, which led to the
decrease in electron density and the increase in the binding
energy of nitrogen and oxygen atoms [46]. In acidic pH,
-NH, protonation contributed to the electrostatic inter-
action with HCrO4- [29], which led to Cr(VI) reduction,
resulting in Cr(IIl) formation between N-C=0O and Cr(VI)
[56]. Then, a chelated complex was formed by coordination
between the newly formed Cr(Ill) and -NH, group due to
the empty orbital and the lone pair of electrons of Cr(III)
cation and the amine group, respectively [1].

Meanwhile, the weak attractive interactions between
BC-G2 and HCrO;, (BC-G2-HCrO;) or Cr,02 (BC-G2-Cr,07)
were studied using an independent gradient model (IGM)

analysis, described by Lefebvre et al. [57]. The IGM inter-
actions were studied using Multiwfn software [58]. The
visualization of IGM and orbitals was rendered by VMD
[59]. The results are shown in Fig. 9; blue colors represent
the strong attractions, and green colors denote the van der
Waals force. The presence of N-H--O and C-H--O hydro-
gen bonding interactions and van der Waals force in the
BC-G2-HCrO; (Fig. 9a) and BC-G2-Cr,0OZ (Fig. 9b) system
are thus evident [60].

Based on the above analysis, the adsorption of Cr(VI)
using BC-G2 was as follows: (1) Cr(VI) was adsorbed on
the surface of BC-G2 through the electrostatic interaction
between the negatively charged Cr(VI) species and the pro-
tonated amine groups; (2) with the assistance of electron
donors (the amino groups), Cr(VI) was reduced to Cr(III);
and (3) part of Cr(Ill) coordinated with the -NH, group to
form a chelated complex through the shared bond between
N and Cr(IIl); at the same time, Cr(III) was also released
into solution under the electrostatic repulsion between
the Cr(Il) and the protonated amine groups [1,25,54].
Furthermore, hydrogen bonding and van der Waals force
also contributed to the adsorption process.

3.5. Regeneration properties

Regeneration and recycling of adsorbents are import-
ant factors in reducing the cost of the adsorption process
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in practical applications. Since higher pH (as mentioned
earlier) resulted in the low adsorption of Cr(VI), the
desorption experiments were conducted in a 0.2 M NaOH
solution. As shown in Fig. 10, the adsorption capacity of
BC-G1 decreased to 45.13 mg/g after the third desorption
treatment. However, the adsorption capacity of BC-G2 could
still reach 61.29 mg/g for the fourth adsorption—desorption
cycle, indicating that the decrease in the adsorption capac-
ity was insignificant compared to that of the first cycle. The
results suggested that the BC-G2 adsorbent was reliable and
can be reused several times in future practical applications.

3.6. Comparison of the maximum adsorption capacity

Table 6 summarizes the maximum adsorption capacities
of various modified biochars for Cr(VI) in the literature. The
Langmuir maximum adsorption capacity of BC-G1, BC-G2,
and BC-G3 for Cr(VI) was 101.52, 120.77, and 40.98 mg/g,
respectively, which was significantly higher than that
of many adsorbents, thus suggesting that the PAMAM-
modified biochar adsorbents might be potential adsorbents
for removing Cr(VI) from wastewater.

4. Conclusions

In this study, three novel and cost-effective PAMAM
dendrimer-modified biochar adsorbents were successfully
prepared for removing Cr(VI) from aqueous media. The
introduction of amino functional groups to the fabricated
adsorbents greatly improved their adsorption performance
compared to the raw biochar from the experimental data.
The adsorption capacity of modified biochar adsorbents was
enhanced with increasing generation number of PAMAM
dendrimer, while the strong steric hindrance led to a lower
percentage of functional groups on the basal plane of BC-G3,
decreasing the adsorption capacity of BC-G3. The maximum
Cr(VI) adsorption capacity of BC-G1, BC-G2, and BC-G3
was 101.52, 120.77, and 40.98 mg/g at 30°C, respectively.
The adsorption data of all the biochar adsorbents were in
good agreement with the pseudo-second-order model and

100
EZiBCc-GI
Y BC-G2

0 1 2 3 4
Cycle number

Fig. 10. Adsorption and desorption cycles performance of BC-G1
and BC-G2 for Cr(VI).

followed the Langmuir adsorption with monolayer cov-
erage. Thermodynamics studies showed that the Cr(VI)
adsorption onto BC-G1 and BC-G2 was a spontaneous endo-
thermic process, while BC-G3 showed non-spontaneous
behavior when the temperature was below 30°C. The pos-
sible removal mechanism of BC-G2 was proposed, which
involves the electrostatic interaction, surface complexation,
and reduction for Cr(VI) removal. The regeneration property
test suggested that the decrease in the adsorption capacity
of BC-G2 was insignificant for four adsorption—desorption
cycles. Thus, PAMAM dendrimer-modified biochar adsor-
bent BC-G2 would be a potential cost-effective adsorbent for
removing Cr(VI) from wastewater.
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