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the sorbent [41,42]. However, in FAL such a group did not work during
the adsorption process. The reason was that its exposure to Pb(II) might
not be enough.

The binding affinity of the seven functional groups for Pb(II) was
sequenced and the results were shown in Fig. 6A. N,—CS-H and —-OH
exhibited stronger binding affinity than other functional groups at pH
of 3.0 or 6.0, in which the surface of FAL was negatively charged. Ac-
cording to the molecular structure of FAL, N,—CS-H and —OH possibly
underwent dissociation to form N,—CS~ and —-O~ who contributed to
the generation of electrostatic bond between FAL and Pb(II) (Fig. 6C).
As for other functional groups, they probably reacted with Pb(II) via
coordinate bond (the oxgen-contianing, sulfur-contianing and nitrogen-
contianing groups donate electron pairs from O, N and S atoms to couple
with empty orbitals of metal cations) (Fig. 6C) [27,43]. Once the solu-
tion pH was adjusted to 1.2 or 0.2, N,—CS-H and —OH almost exhibited
the lowest binding affinity for Pb(II). The possible reason for such a re-
version was that the surface of FAL was neurally or positively charged
under pH of 1.2 or 0.2 so that only coordinate bond occurred between
FAL and Pb(Il) [47] (Fig. 6C). At the pH values of 1.2 and 0.2, C-O-C
and S=0 exhibited the highest binding affinity for Pb(II).

Fig. 6B shows that the best adsorption performance was achieved
at pH of 6.0, followed by 3.0, 1.2 and 0.2 based on the values of gq,,.
As mentioned above, the surface of FAL carries negative charges un-
der pH of 3.0 and 6.0 while positive charges under pH of 0.2, suggest-
ing that the electrostatic attraction/electrostatic repulsion between FAL
and Pb(II) exists under pH of 3.0-6.0/0.2. The electrostatic repulsion
impedes the attachment of Pb(II) to the surface of FAL. Furthermore,
lower pH value means that more amounts of proton exist in solution;
thus, the competition between Pb(II) and proton for binding with the
active adsorption sites is fiercer. This analysis might explain why FAL
presented the highest or lowest adsorption capacity at pH of 6.0 or 0.2,
respectively. According to the aforementioned results, three main con-
clusions could be drawn: (1) both electrostatic attraction and coordinate
bond contributed to the adsorption of Pb(II) when the solution pH was
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Fig. 6. (A) Binding affinities of the seven func-
tional groups for Pb(II) at different pH values;
(B) the values of g, at different pH values; and
(C) molecular insights into the adsorption of
Pb(Il) at different pH values. *: It was noted
here that at low pH of 0.2 and 1.2, there might
be thione thiol equilibrium in TMT not sodium
ions are on sulfurs.

higher than the PHp,c (1.2) of FAL; (2) only coordinate bond contributed
to the adsorption of Pb(II) when the solution pH was equivalent to or
lower than the PHp,c (1.2) of FAL; and (3) FAL can be used for removing
Pb(II) from aqueous solution at a wide pH range of 0.2 to 6.0; however,
FAL preferred to a relatively alkaline condition.

The atomic electronic populations of ELF can be used to identify the
type of molecular interaction [44,45]. When the value of bond polarity
index is close to 0, the type of bond can be classified as homopolar (co-
valent) bond; while close to 1 for idealized ionic bond [45,46]. Fig. 7A
and Fig. 7B show the seven active adsorption sites of FAL, in which the
functional groups of C = O, C-O-R, -OH, O=S, S-S, triazine ring and
N,—-CS-H was marked as 1, 2, 3, 4, 5, 6 and 7, respectively. The atomic
electronic populations describes the molecular interaction between the
seven functional groups from 1 to 7 and Pb(II) were recorded as V; (S,
Pb), V,, (O, Pb), V; (O, Pb), V, (N, Pb), Vs (O, Pb), V; (O, Pb) and V, (S,
Pb) basins. At pH of 0.2 and 1.2 (Fig. 7C), the atomic electronic popula-
tions of V; (S, Pb), V, (O, Pb), V3 (O, Pb), V, (N, Pb), V5 (O, Pb), V¢ (O,
Pb) and V5, (S, Pb) basins equaled to (0.100 e, 0.618 e), (2.982 e, 5.547
e), (5.846 e, 4.930 e), (0.004 e, 0.001 e), (6.253 e, 4.421 e), (5.934
e, 7.080 e) and (1.573 e, 1.664 e), respectively. Base on the values of
atomic electronic populations of V; (S, Pb), V, (O, Pb), V5 (O, Pb), V, (N,
Pb), V5 (O, Pb), Vi (O, Pb) and V; (S, Pb), the corresponding bond po-
larity index values of Pys pp), P2(0,pb)» P3(0,pb)> Paen,pb)> P5(0,pb)> Poco,pb)
and Py py,y were calculated to be 0.72, 0.30, 0.09, 0.60, 0.17, 0.09 and
0.03, respectively. Fig. 7D gives the data on the atomic electronic pop-
ulations of V; (S, Pb), V, (O, Pb), V3 (O, Pb), V4, (N, Pb), V5 (O, Pb), Vg
(O, Pb) and V5, (S, Pb) basins at the solution pH of 3.0 and 6.0. There-
fore, the bond polarity index values of Py s pp), P2(0,pb)s P3(0,pb)s PaN,pb)s
P5(O,Pb)’ PG(O,Pb) and P7(S,Pb) were 094, 10, 009, 060, 0.17, 0.09 and
0.03, respectively. The calculation methods were the same as those de-
scribed by Berski et al. [45]. and Raub et al.[46].. As Py pp,) and Pyq pp)
at pH of 3.0 and 6.0 were closed to 1, it can be concluded that the func-
tional groups of N,—CS-H and -OH dissociated as N,—CS™ and -O~, then
combined with Pb(II) via electrostatic attraction. The other five groups
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Scheme 1. Synthesis steps of FAL.

of C = 0, C-0O-R, O=S, S-S and triazine ring for Pb(II) were more easier
to form coordinate bonds. At pH of 0.2 and 1.2, it can be concluded
that the coordinate bonds were more likely to be formed between all
the seven groups and Pb(II). This result is a further verification of the
predicted results described in Fig. 6.

In natural water, the dissolved organic materials (DOMs) consist of
humic acid (HA) [48]. Moreover, HA is one of the biodegrading prod-
ucts from plant and animal biomass [49]. The functional groups of phe-
nolic (-OH), carboxylic (-COOH) and amine (-NH,) carried by HA are
thought to be the most active adsorption sites for binding with Pb(II)
and other heavy metals [48,50,51]. Town and Leeuwen pointed out that
both electrostatic and coordinate bonds contribute to the adsorption of
Pb(II) [52], which is similar to the adsorption mechanism of FAL. Just
like FAL, increase in the solution pH lead to the increase in the adsorp-

tion amount of HA to Pb(II) when the pH value was in the range of 2.5
to 5.0 [48].

3.5. Comparison between FAL and reported sorbents

In order to evaluate the adsorption capacity of FAL for Pb(II) com-
prehensively, two series of sorbents were selected and shown in Table 2
and Table S9, respectively. Various lignin-based materials were pre-
sented in Table 2, in which lignin was used as the raw material just
like our work and different modification methods were applied. As
lignin belongs to biomass, it is also necessary to know how FAL be-
haved among the sorbents derived from various biomasses (Table S9).
In Table 2, it was found that the values of g, for the lignin-based nano-
trap (LBNT) and surface functionalized porous lignin (SFPL) were al-
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Table 2
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Comparing the adsorption capacity of FAL towards Pb(II) with other lignin-based adsorbents.

No.  Sorbents qm (M8/8)  Gum (other sorbents)/dmrary  £* (M) Lioher sorbents)/frary ~ PH  Temperature (°C)  Ref.
1 FAL 73.7 / 100 / 60 25 This work
2 LBNT® 3244 4.40 720 7.2 6.0 25 [53]
3 SFPL® 188.0 2.55 180 1.8 5.0 25 [7]
4 Aminated epoxy-lignin 72.5 0.98 90 0.9 6.0 30 [9]
5 HACH¢ 66.26 0.90 180 1.8 / / [54]
6 AML*® 60.5 0.82 140 1.4 6.0 25 [13]
7 TiO,-Si0, /lignin hybrid ~ 59.9 0.81 180 1.8 50 20 [55]
8 ASLf 53.8 0.73 120 1.2 6.0 25 [56]
9 LBAS 42.0 0.57 180 1.8 6.0 25 [57]
10 SSAL" 393 0.53 4500 45 5.8 45 [38]
11 TiO,/lignin hybrid 357 0.48 180 18 50 20 [55]
12 LMS! 33.9 0.46 200 2 6.0 25 [58]
13 MSLI 20.0 0.27 360 3.6 5.0 27 [59]
14 SRL 12.7 0.17 120 1.2 6.0 28 [60]

a Equilibrium time;.

b Lignin-based nano-trap;.

Surface functionalized porous lignin;.

Humic acid-treated coconut (cocos nucifera) husk;.
¢ Methylamine modified alkaline lignin;.

f Sulfomethylation and amination modified alkaline lignin;.
8 Lignin-triazole;.

h 5.Sulfosalicylic acid modified lignin;.

I Alkaline lignin modified with poly(ethylenimine);.
i Modified soda lignin;.

k Sulfonated resinified lignin.

c
d

most 5 and 3 times higher than that of FAL, respectively. However, the
times of reaching adsorption equilibrium for LBNT and SFPL were 7.2
and 1.8 times longer than that of FAL, respectively. When the initial
concentration of Pb(II) was 10 mg/L or 20 mg/L, the values of K, (the
pseudo-second-kinetic-order rate constant) for LBNT or SFPL were 0.005
and 0.004 g/(mgemin), respectively [7,53], while that for FAL under
10 mg/L was 4.196 g/(mgemin) (Table 2). It was noted here under the
similar operation temperature and similar initial concentration level,
the value of K, can be used to compare the adsorption rate of different
sorbents for a defined sorbate [35].

Moreover, the synthesis methods and the reagents’ toxicity used for
the preparation of LBNT and SFPL were more complicated and higher
compared to FAL, respectively. To manufacture LBNT, several toxic
chemicals such as CS,, formaldehyde, amine, Span80 and diethylenetri-
amine were used. The chemicals used in the preparation of SFPL were
almost the same as those used in LBNT. The operational steps for LBNT
and SFPL include condensation reflux and temperature control. On the
contrary, making FAL needs three reagents besides ultrapure water, of
which only iodine is toxic while the toxicity of KI and TMT are low,
and the procedure is much easier compared to that of making LBNT and
SFPL.

Table S9 shows the adsorption capacity of 30 biomass-based sorbents
for Pb(II), including cellulose, chitosan and activated carbon. Sorbents 2
to 4 have a higher g, than FAL does. However, the values of K, for sor-
bents 2 to 4 were 0.0001, 0.001 and 0.002 g/(mgemin) when the initial
concentrations of Pb(II) were 100, 20 and 20 mg/L, respectively. These
results demonstrated that the adsorption rate of FAL (4.196 g/(mgemin)
under 10 mg/L) for Pb(II) was several orders of magnitude higher than
that of sorbents 2 to 4. Sorbents 5 to 31 have a lower g, and longer
equilibrium time than that of FAL. These results suggest that FAL be
a promising material for purification of Pb(II)-loaded wastewater as its
treatment performance and fabrication method were higher and easier
than other lignin-based and biomass-based materials.

4. Conclusions

In this paper a novel method for modifying alkaline lignin was devel-
oped, in which three kinds of reagents were used in the entire modifying

process, i.e., KI, I, and TMT. TMT is cheap and easily available. More-
over, the modification process is simple, safe, and relatively economic.
The molecular structure of modified alkaline lignin (FAL) was deduced
based on the technologies of 3D-EEM, synchronous fluorescence, FTIR
and 13C MAS NMR and XPS. According to FAL’s molecular structure, the
functional groups served as the active adsorption sites were determined.
By using two-dimensional correlation spectroscopy (2D-COS) and ELF,
the molecular interactions (electrostatic or coordinate bond or both)
between the functional groups and Pb(Il) at different pH conditions
were analyzed. The adsorption capacity of FAL for Pb(II) was compared
with other biomass-based materials from the viewpoints of adsorption
amount, adsorption rate as well as simplicity and economic cost of the
synthesis step. This paper not only provides an easily-operational and
relatively economic method for lignin modification but also establishes
an approach to analyzing the associated molecular interactions between
the sorbent and the sorbate. FAL can be regarded as a promising mate-
rial with high application potential, which warrants future studies on
optimizing FLAL for real-world applications.
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