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Heavy metals usually exist stably as the species of organic complexes in high-salinity wastewater. There-
fore, their effective removal is challenging, especially when the initial pH is neutral. Herein, a novel nitro-
gen doped biomass-based composite (N-CMCS) was synthesized to remove the complexed heavy metal
of Cr(Ill)-carboxyl. The maximum adsorption capacity of Cr(Ill)-Citrate (Cr-Cit) by N-CMCS under neutral
pH (7.0) and high-salinity (200 mmol/L NaCl) condition was up to 2.50 mmol/g. And the removal per-
formance remained stable after 6 times of regeneration. Combined with species and characterizations
analysis, electrostatic attraction and hydrogen bonding were the main mechanisms for N-CMCS to re-
move Cr(IlI)-carboxyl complexes. Dynamic adsorption indicated N-CMCS column could treat about 1300
BV simulated wastewater and 350 BV actual wastewater with the concentration of effluent lower than
1.0 mg/L. Furthermore, N-CMCS could remove a variety of complexed heavy metal ions under neutral pH,
indicating the great potential in practical application.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The leather industry occupies an important role in global econ-
omy, and its wastewater usually contains kinds of heavy metals, or-
ganics and compound pollutants, threatening the safety of ecosys-
tem and public health [1-3]. Tannery wastewater contains not only
chromium, which was mainly in the species of Cr(Ill), but also a
variety of organic acid masking agents [4-6]. Although Cr(Ill) is
generally considered to be less toxic than Cr(VI), inorganic Cr(III)
and organic Cr(Ill) complexes can be oxidized to Cr(VI) not only by
light induction in the natural environment, but also by chlorination
in drinking water treatment [7,8]. In addition, the toxicity of Cr(IlI)
to freshwater algae is higher than that of Cr(VI) under some spe-
cific conditions [9]. Meanwhile, the relevant wastewater pollutant
discharge standards are becoming more and more stringent. There-
fore, there is an urgent need for effective removal of Cr in tannery
wastewater [10,11].

Among many methods, chemical precipitation is widely used
due to the simplicity and economy [12-14]. However, there is still
a large amount of Cr (10-20 mg/L) in the precipitated water, which
is higher than China’s maximum contaminant level (MCL) [15,16].
Since most of the free Cr(Ill) and weakly complexed Cr(Ill) are
removed during precipitation process, the remaining Cr(Ill) com-
plexed strongly with organic ligands usually exists as anionic or
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neutral molecules, which greatly increases the difficulty of removal
due to the stability in a wide pH range [4,17].

The treatment methods for complexed heavy metals mainly in-
clude advanced oxidation processes (AOPs), metal ion replacement
and adsorption. AOPs usually oxidize organic ligands by active oxy-
gen species to release heavy metal ions for advanced treatment
[18-20]. However, Cr(Ill) will be oxidized to Cr(VI) when oxidizing
ligands of Cr(Ill)-carboxyl complex [7,21]. The metal ion replace-
ment method replaces the target ion by using another ion with
stronger complexing ability and Fe(Ill) is mostly used [5]. Unfor-
tunately, due to the kinetic inertness of water exchange (such as
Cr(H,0)3", t1/2=81.6h at 298.15K), the complexation and decom-
position rate of Cr(Ill) complexes is very slow, resulting in low ef-
ficiency of replacing Cr(Ill) with Fe(Ill) [22-24]. In comparison, the
adsorption method is effective due to the simple operation, eco-
nomics and no secondary pollution [25-27]. The adsorbents re-
ported so far are mostly magnetic Fe30, nanomaterials modified
with organic acids or biomass, which usually have a low point of
zero charge (PZC), and the best applicable pH is acidic [10,28-30].
The mechanism for removing complexed Cr(Ill) mainly includes
electrostatic attraction and surface complexation. However, the ac-
tual precipitated water has a neutral and alkaline pH, and Cr(III)-
carboxyl complexes mainly exists as neutral molecules and nega-
tively charged ions. Since neutral molecules are not charged, they
are difficult to remove by electrostatic attraction [4]. Also, the re-
duction of zeta potential under alkaline conditions will inhibit the
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removal efficiency for negatively charged complexed ions. In addi-
tion, the coexistence of high concentration inorganic salt ions will
adversely affect non-specific effects such as electrostatic interac-
tion [26]. Therefore, it is urgent to develop new adsorbents with
high adsorption capacity and anti-interference to remove Cr(III)-
carboxyl complexes.

Sodium carboxymethyl cellulose (CMCS) is rich in hydroxyl and
carboxylate, and has a wide range of sources and low price [31].
However, the negatively charged CMCS is not conducive to the
electrostatic adsorption of complexed heavy metal anions. Con-
sidering that polyamines contain many amine groups and have
high PZC, which can bind metal ions by coordination, electrostatic
and hydrogen bond interactions [32]. As a result, it is expected
that modified CMCS with polyamines can increase the positive
charge density, promote the adsorption for complexed ions. More-
over, the double network structure constructed by two compo-
nents can improve the mechanical stability. In this work, nitrogen-
doped biomass-based composite (N-CMCS) was prepared, and the
removal characteristics and mechanisms for Cr(Ill)-carboxyl com-
plexes in high-salinity wastewater were investigated based on
batch experiments and series of characterizations.

The preparation method of N-CMCS was the same as the
method described in our previous work [33]. In short, CMCS and
polyethyleneimine (PEI) were dissolved in water to form mixed so-
lutions, then the crosslinking agent of epichlorohydrin (ECH) was
added. After stirring evenly, it was heated at 60 °C for 4h for re-
action, and then washed several times with ethanol and ultrapure
water to obtain N-CMCS.

CrCl3 and trisodium citrate dihydrate (Cit) were mixed at a mo-
lar ratio of 1:1 to prepare Cr-Cit stock solution, and the pH was
adjusted to 5 and maintained at 60 °C for 24 h. For batch exper-
iments, 0.25g of N-CMCS was placed in 30 mL of Cr-Cit solution
with an initial pH of 7 and different coexisting NaCl concentrations
(0, 50, 100, 200, 400 mmol/L) at 25 °C and 160 rpm for 24 h. Then
inductively coupled plasma emission spectrometry (ICP-OES) (iCAP
8000) was used to determine the concentration of metal ions. To
investigate the effect of pH, HCl and NaOH was used to adjust the
pH of solution to 2-10. For adsorption isotherm experiments, N-
CMCS was placed in solution with the initial concentration of 0.5-
6.0 mmol/L for Cr-Cit and 200 mmol/L for coexisting NaCl. For the
effect of other coexisting inorganic anions, NO;~ and SO42~ were
selected for test. Furthermore, the removal capacity for other com-
plexed metal ions was also investigated, and the initial concen-
tration was set to 1 mmol/L. For regeneration experiment, N-CMCS
reached adsorption equilibrium was regenerated with 0.1 mol/L HCI
and then proceeded to next cycle. For dynamic experiment, 5.25g
of N-CMCS was placed in the fixed column (100 mm in length and
10 mm in diameter). The water was pumped into the column with
the rate of 2 BV/h. The basic component parameters of simulated
and real wastewater were presented in Table S1 (Supporting infor-
mation). According to China’s emission standards (GB21900-2008)
[34], the MCL value of Cr(Ill) in the effluent was set to 1.0 mg/L.
The species analysis was carried out using Visual MINTEQ 3.1.
Characterizations of N-CMCS were performed after freeze-drying.
Thermo Scientific Nicolet iS5 (USA) spectrometer and Escalab 250
Xi (USA) were used for determination of ATR-FTIR and XPS analy-
sis.

Firstly, with NaCl as a representative, the effect of solution
salinity on adsorption of Cr-Cit by N-CMCS was investigated
(Fig. 1a). Without the coexistence of NaCl, the adsorption capac-
ity of Cr-Cit was the highest, as high as 2.02 mmol/g. But with
the gradual increase of NaCl concentration, the removal ability for
complexed Cr decreased, and the inhibition ratios were 14.52%,
22.87%, 41.12%, 51.22% and 61.01%, respectively. Although the elec-
trostatic attraction between N-CMCS and Cr-Cit was almost com-
pletely shielded when the concentration of NaCl was as high
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as 400 mmol/L, the adsorption capacity was still maintained at
0.79 mmol/g. It indicated that there are other mechanisms besides
electrostatic attraction, which will be discussed in detail later. Con-
sidering the salinity in actual wastewater, 200 mmol/L was selected
for subsequent experiments.

The effect of pH was presented in Fig. 1b. Without the coexis-
tence of NaCl, the adsorption capacity of Cr-Cit gradually increased
and reached the maximum at pH of 5 in the pH range of 2-5.
With the further increase of pH, the removal capacity decreased
significantly, and the adsorption capacity at pH of 10 decreased by
54.90% compared with that at pH of 5. When 200 mmol/L NaCl
coexisted, the adsorption behavior showed similar trend, but the
dependence on pH was significantly reduced, and the adsorption
capacity changed less in the pH range of 4-8. Even at pH of 8,
the adsorption capacity only decreased by 9.74% compared with
that of at pH of 5. Combined with zeta potential (Fig. S1 in Sup-
porting information), N-CMCS had a PZC exceeded 9. When pH
< PZC, the positive charge on N-CMCS could remove complexed
ions through electrostatic attraction. As the pH rose, the positive
charge density on N-CMCS declined, and the electrostatic attraction
was suppressed then. But even at pH of 10 (> PZC), the adsorp-
tion capacity of Cr-Cit was still 0.57 mmol/g, indicating that there
were other mechanisms besides the main electrostatic attraction.
Considering that the pH of the actual precipitation water is neu-
tral and alkaline, pH 7 was selected for subsequent experiments.
Furthermore, the final pH was measured (Fig. S2 in Supporting
information). When pH < 7, the final pH after adsorption was
slightly higher than the initial pH, while for pH > 7, the change
trend was totally opposite. It was mainly caused by the protona-
tion and deprotonation of the carboxylate of citrate under differ-
ent pH conditions. The reduced pH of solution was beneficial to
removal for Cr-Cit, resulting in high removal capacity in a wide pH
range.

The adsorption isotherm curves and related fitting parameters
were presented in Fig. 1c. When the initial concentration increased
from 0.5 mmol/L to 6.0 mmol/L, the adsorption capacity of Cr-Cit at
288, 298 and 318K increased by 55.67%—213.64%, 53.49%—203.41%,
48.63%—189.02%, respectively. The adsorption isotherm data was
fitted by Langmuir and Freundlich models (Table S2 in Supporting
information). According to correlation coefficient R?, the isothermal
adsorption of Cr-Cit was more suitable for Freundlich model, indi-
cating that Cr-Cit was covered on the heterogeneous surface of N-
CMCS through multilayer adsorption. The calculated maximum ad-
sorption capacity (Qm) based on Langmuir model was 2.50 mmol/g
at 298K. As for adsorption kinetic behavior (Fig. S3 in Support-
ing information), the fitting models (Table S3 in Supporting infor-
mation) exhibited a pseudo-second-order rate constant of 0.005g
mmol~! min~!. The data of thermodynamic calculation showed
that both AH® and AS® was greater than zero, indicating the re-
move of Cr-Cit by N-CMCS was a process of endothermic and en-
tropy drive, and heating was conducive to adsorption. AG® < 0
indicated that this process was spontaneous. Besides, AG? gradu-
ally decreased with increasing temperature, implying that heating
could promote the adsorption of Cr-Cit (Table S4 in Supporting in-
formation).

The comparison of Qn with reported works was displayed in
Fig. 1d and Table S5 (Supporting information). The adsorbents re-
ported were mostly Fe;0, magnetic nanomaterials modified with
organic acids or biomass [10,28-30,35-37]. However, the optimal
pH was acidic, and Qn, of complexed Cr(Ill) needed to be improved.
In comparison, Qm of Cr-Cit by N-CMCS was up to 5.42 mmol/g at
pH of 4 (Fig. S4 and Table S6 in Supporting information). Even at
pH of 7, Qm of Cr-Cit was still up to 2.50 mmol/g, which was much
higher than that of the reported in salt-free system. It demon-
strated that N-CMCS was an advantageous material for removing
complexed Cr(III).
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Fig. 1. The effect of (a) NaCl and (b) pH on removal for Cr-Cit, (c) the adsorption isotherms of Cr-Cit and (d) performance comparison with reported works on removal of
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Fig. 2. (a) The effect of inorganic anions on Cr-Cit removal, (b) recycling performance of N-CMCS in different systems, (c) removal of simulated and actual wastewater with

N-CMCS column and (d) the adsorption capacity of other heavy metal complexes.

The effect of coexisting inorganic ions was displayed in (Fig. 2a).
The inhibitory followed the rule of SO42~ > NO3;~ > Cl-, and the
inhibition ratios were 13.14%—53.78%, 7.17%—33.50%, 5.40%—31.45%,
respectively. The inhibitory effect of coexisting anions was mainly
due to the competition with Cr-Cit anions, in which SO4%~ had
more negative charges and occupied more cation active sites on
N-CMCS, thus, the strongest inhibitory effect was caused [38,39].

The N-CMCS after reaction was regenerated by HCl and sub-
jected to next cycle (Fig. 2b). Regardless of the presence of NaCl,
the adsorption capacity of Cr-Cit did not show any decreasing
trend after 6 cycles, indicating it had good stability, which was
conducive to practical application. Moreover, the applicability of
N-CMCS to remove Cr(IlI) complex in simulated and actual high-
salinity wastewater was investigated by dynamic adsorption exper-
iment (Fig. 2c). N-CMCS could continuously produce about 1300
BV and 350 BV of water with the concentration of Cr lower than
1.0mg/L for simulated and actual wastewater respectively, which
implied the great potential in actual application.

The removal performance for other complexed heavy metals
was investigated (Fig. 2d). Obviously, the adsorption capacity of Cu-
Cit was the highest, which was up to 2.93 mmol/g. While it was the
lowest for Co-Cit, but was still more than 1.60 mmol/g. This was
mainly related to the species distribution (Figs. S5 and S6 in Sup-
porting information) and chemical properties of N-CMCS. Specif-
ically, N-CMCS contained many amine groups, and the formation
of ternary complexes could also remove complexed Cu. Similarly,
N-CMCS could also remove Cr(Ill) complexed with other organic
acid ligands. Among them, the adsorption capacity of Cr-Cit was
the largest, and for Cr-HEDP was the lowest, but it could also reach
up to 1.45mmol/g. In short, N-CMCS had good removal ability for
various complexed metal ions.

In order to clarify the mechanism, the removal performance
for Cr(Ill) and citrate in the non-complexed system was com-
pared (Fig. 3a). The adsorption capacity of Cit by N-CMCS was only
0.47 mmol/g, which was due to the fact that Cit mainly existed as
Cit3~ and HCit?~ under neutral condition (Fig. S7 in Supporting in-



L. Song, S. Jing, Y. Qiu et al.

Chinese Chemical Letters 34 (2023) 107180

aY 45 1.4
(a) ci (b)
Cr 1.24
2.0 . B
= —t §
o 5 L T e
2 151 < 084
= <]
E =086
~ 1.04 ™
e Q
0.44
0.54 d
02
0.0 T T 0.0
Single system Complex systemComplex system 06 08 1.0 1.2 14
(without NaCl) (with NaCl 200 mmeol/L) Initial Cr (mmol/L)
- 18
(€) ,4 (d)
- ~ 151
9 20 G,
[+] o 124
e g
g 1.5 E o9
S 1.01 S o
& =
0.5 G 0.3
0.0 T T 0.0 T T T T T
05 10 0.1 0.2 05 1 2

1 2 5
Cit:Cr (molar ratio)

Cr:Cit (molar ratio)
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formation). When the total number of cation sites on N-CMCS was
the same, the negative charge of ions was higher, and the more
sites they occupied, resulting in lower adsorption capacity. After
complexing with Cr(Ill), the main species of Cit were CrH_;Cit™
and CrCit. The reduction of negative charge saved the cationic ac-
tive sites on N-CMCS, thereby increasing the adsorption capacity
of Cit. Moreover, CrCit could also be adsorbed via hydrogen bond-
ing between hydroxyl and amine groups since it was electrically
neutral. For Cr(Ill), 78.51% was Cr(OH); precipitation at pH of 7.
Even at pH of 5, the adsorption capacity of Cr(Ill) by N-CMCS
was only 0.09 mmol/g (Fig. S8 in Supporting information), which
was mainly due to electrostatic repulsion between the positively
charged N-CMCS surface and CrOH2*. However, when Cr(Ill) was
complexed with Cit, the adsorption capacity of complexed Cr was
almost equivalent to that of Cit regardless of the presence or ab-
sence of NaCl. Also, the effect of different initial Cr concentration
on the ratio of Q¢ to Qg was further investigated (Fig. 3b). When
the concentration of Cr increased from 0.6 mmol/L to 1.4 mmol/L,
Qe(Cr)/Qe(Cit) basically stabilized at 1, indicating that Cr and Cit
were adsorbed on N-CMCS in an integral form.

For deep investigation, the effect of molar ratio on adsorption
capacity was also tested (Figs. 3c and d). When the molar ratio of
Cit:Cr grow from 1 to 10, the adsorption capacity of Cr declined
significantly. It was mainly owing to the excess Cit existed as an-
ions, which would compete with CrH_;Cit™, resulting in low uti-
lization efficiency of active sites (Fig. S9 in Supporting informa-
tion). When the molar ratio of Cit:Cr was 0.5, excess Cr(Ill) would
generate precipitation (Fig. S10 in Supporting information), result-
ing in a higher apparent adsorption capacity than that of when
Cit:Cr was 1. As the molar ratio of Cr:Cit rose from 0.1 to 1, the
adsorption capacity of Cit also increased markedly, but remained
basically unchanged when molar ratio exceeded 1. In summary,
excessive Cit would compete with complexed Cr for active sites
through electrostatic interaction, but excessive Cr had little effect
on removal of Cit, so the adsorption of Cr-Cit by N-CMCS was
mainly related to Cit.

The ATR-FTIR spectra of N-CMCS were exhibited in Fig. S11
(Supporting information). The peaks at 1586, 1374 and 1051 cm™!
corresponded to the peaks of COO~ asymmetric stretching vibra-
tion, COO~ symmetric stretching vibration and C=0 stretching vi-
bration, respectively. After adsorption of Cr-Cit, the peak corre-

sponding to COO~ was significantly enhanced. In addition, the
stretching vibration peak of O-H at 3284 cm~! was also promi-
nently enhanced, implying the formation of hydrogen bonds [40].
Combined with XPS spectra, the characteristic peak of Cr 2p ap-
peared in the wide scan spectrum (Fig. 4a) after adsorption of
Cr-Cit. In addition, the peaks at 585.6 and 576.1eV in deconvo-
lution spectra of Cr 2p (Fig. 4b) belong to Cr(Ill) [41], indicat-
ing that Cr-Cit was adsorbed on N-CMCS and had no redox ef-
fect with N-CMCS. In C 1s spectra (Fig. 4c), the peaks at 285.8,
284.7 and 283.3eV corresponded to C—0, C—C and C—N, respec-
tively [33]. After adsorption of Cr-Cit, a characteristic peak of C=0
appeared at 288.1eV with a molar ratio of 7.29%. Moreover, the
molar ratio also ascended from 24.55% to 25.74% for C—O peak,
but reduced from 23.58% to 13.30% for C—N peak. It was mainly
due to the adsorption of citrate rich in hydroxyl and carboxylate,
which caused an increase in the proportion of oxygen-containing
chemical bonds. The three peaks in the N 1s spectra (Fig. 4d) are
—NH,*—/-NH3™* at 401.4eV, —NH—/—-NH, at 399.0eV, and N-C at
397.6eV [42]. After adsorption, the molar ratio of —NH,*—/—NH;5*
and —NH—/-NH, both rosed, from 19.93% to 29.75% and 46.76%
to 53.24%, respectively, while decreasing from 33.31% to 17.01%
for N-C. It implied the hydroxyl groups of citrate that were not
involved in the coordination with Cr(Ill) formed hydrogen bonds
with amine groups of N-CMCS.

To investigate the ratio of electrostatic attraction and hydrogen
bonding, NaCl was selected as a representative for exploration the
effect of ion strength on Cr-Cit removal (Fig. S12 in Supporting in-
formation). As the concentration of NaCl increased from 0 mmol/L
to 800 mmol/L, the adsorption capacity of Cr-Cit decreased from
2.02 mmol/g to 0.27 mmol/g, and remained stable at 1000 mmol/L.
When without NaCl, Cr-Cit was removed via electrostatic attrac-
tion and hydrogen bonding by N-CMCS. When NaCl coexisted, Cl~
could be adsorbed to cation sites on N-CMCS, thereby shielding
the active sites of Cr-Cit and weakening the electrostatic attraction.
When the concentration of NaCl was 1000 mmol/L, the electrostatic
sites on N-CMCS were almost completely shielded, and Cr-Cit was
mainly removed via hydrogen bonding. Based on the adsorption
capacity of 0.27 mmol/g caused by hydrogen bonding, the adsorp-
tion capacity caused by electrostatic attraction was calculated as
1.75 mmol/g. Therefore, the ratio of electrostatic attraction and hy-
drogen bonding was 6.48.
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