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Abstract
TEMPO-NaDCC-oxidized cellulose (TNOCS) with a large surface area and an abundance of carboxyl
groups was used to remove heavy metal ions (Cd, Cu and Pb) and their organic acid complexes [HM-OAs]
(OAs, i.e., citric acid (CA), propionic acid (PA)), and then reveal the adsorption behaviors. Take Cd and CA
for example, the results showed that some of Cd ions was �rstly adsorbed on TNOCS, and then the
existence of [Cd-CA−] complexes formed a coordination structure with preloaded Cd ions to serve as a
bridge for combining TNOCS and [Cd-CA]. Moreover, adsorption energies and molecular orbital
distributions indicated that the adsorption capacity of [Cd-CA] was better than that of Cd alone. In
addition, the electron density, deformation charge and Mulliken charge distribution were con�rmed that
the electron transfer direction was from carboxyl groups to cadmium, whether it was cadmium ions or
complexed cadmium.

1. Introduction
Cadmium (Cd) is widely distributed in the Pearl River Basin (PRB) (23°40'∼21°30′N, 112°∼115°30′E) due
to urbanization and industrialization dating back to the 1970s (Xie and Wang 2020). Due to secretion by
plant roots and the decomposition of organic matter, low-molecular-weight organic acids (LMWOAs) and
high-molecular-weight organic acids (HMWOAs), e.g., fulvic acid, are persistent in the Pearl River Estuary
(Geng et al. 2020). Furthermore, the environmental migration and ecotoxicology of heavy metals are not
only affected by ionic strength, cation species and initial concentrations but also regulated through
chelation, complexation and adsorption reactions (Zhang et al. 2020). Heavy metals (HMs) complex with
various organic acids (OAs) in the environment to form soluble complexes (Krishnamurti et al. 1997).
There are many ways to remove [HM-OA] complexes, such as chemical precipitation, photocatalysis and
adsorption (Deepatana and Valix 2006; Kabra et al. 2008). Although chemical precipitation can rapidly
remove [HM-OA] complexes, contaminants remain, which are mainly in the form of metal-carboxyl
complexes (Wang et al. 2016a). Therefore, there is an urgent need to develop e�cient and cost-effective
methods to remove [HM-OA] complexes. In particular, adsorption been increasingly studied due to the
application of low-cost and biodegradable cellulose-based adsorbents, e.g., corn stalk (Hokkanen et al.
2016).

Generally, raw corn stalk (RCS) has a weak adsorption capacity owing to the restriction of the − OH
groups of hydrogen bonds (Mohamed et al. 2017). Fortunately, there are a large number of oxidation
methods to activate RCS through the introduction of other functional groups, e.g., carboxyl and amino
groups (Hu et al. 2019). Among these oxidation methods, nonselective oxidation more easily produces
side reactions than selective oxidation, such as hydrolysis, oxidative degradation, and beta-cleavage
reactions, and these side reactions cause structural damage to cellulose (Fujisawa et al. 2010). In
addition, selective oxidation reactions and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oxidation have
emerged due to their mild conditions, easy operation, good selectivity and high conversion rate (Rattaz et
al. 2011). To avoid the formation of additional aldehyde groups during oxidation, a
TEMPO/NaClO2/NaClO system is preferred over a TEMPO/NaBr/NaClO system (Saito et al. 2009).
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However, NaClO decomposition is inevitable when it is exposed to light and high temperature (Saito et al.
2009). Therefore, solid sodium dichloroisocyanurate (NaDCC) replaces NaClO as the main oxidizer in
TEMPO/NaClO2/NaDCC oxidation owing to the stability of its active chlorine content (Hondo et al. 2019).
In this oxidation, NaClO2 is the primary oxidant and oxidizes the formed aldehyde groups to carboxylates
before NaDCC begins the catalytic cycle (Saito et al. 2010). After TEMPO oxidation, hydroxyl groups at
the C6 position of the D-glucose unit can be selectively converted into carboxyl groups, while the
secondary hydroxyls (C2 and C3 positions) remain unaffected (Tang et al. 2017). Moreover, the surface
of cellulose is nanofunctionalized as a result of the TEMPO oxidation, which is similar to that of cotton
�ber (Bashiri Rezaie et al. 2018; Radetić and Marković 2019).

In this study, TEMPO-NaDCC-oxidized cellulose (TNOCS) is produced by TEMPO/NaClO2/NaDCC
oxidation and then characterized by scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), the Brunauer-Emmett-Teller (BET) method, Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), atomic force microscopy (AFM) and X-ray photoelectron
spectroscopy (XPS). The pH of the Pearl River during both the dry and wet seasons is slightly different,
i.e., 7.61–8.39 and 6.21–8.27, respectively (Xie and Wang 2020). Combined with the pH of electroplating
and tailings wastewater, a pH of 2 to 8 is selected (Chiu et al. 2006; Choudhary et al. 2017). Furthermore,
batch experiments are carried out to investigate several important factors, such as the pH, molar ratio of
Cd-CA and molecular weight of OAs. In particular, the effects of the inorganic ions and heavy metal
species are considered in detail. Moreover, quantum chemical calculations are conducted for molecular
orbital distribution electron transfer/sharing and energy information based on density functional theory
(DFT) and front-line orbital theory (FOT), which will provide important evidence to support the proposed
adsorption mechanism.

2. Materials And Methods

2.1 Chemicals and materials
All analytical reagent grade chemicals used in this study were purchased from Chemical Reagent Co., Ltd.
(Guangzhou, China). Ultrapure water (Millipore Milli-Q Integral 5 system, France) was used in all
experiments. RCS was obtained from local farmland in Guangzhou, China. This RCS was cleaned and
dried after grinding and was sieved to 40–60 mesh for further use. Sites A, B and C were three typical
urban rivers of the PRB in Guangzhou, and the conductivity measured by an electrical conductivity meter
(DZS-706-A, Leici, China) was 274, 270 and 346 µS/cm, respectively. Arti�cial simulated seawater was
prepared by using the method of Kester et al. (1967) (Kim et al. 2020) to study adsorption in conditions
closer to the marine environment, and the major elements of the synthetic seawater are presented in
Table S1.

2.2 Preparation
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TEMPO (0.1 mmol), NaClO2 (12 mmol) and sodium dichloroisocyanurate (NaDCC) (5 mmol) were added
to RCS (dry weight of 1 g) in Milli-Q water (100 mL) at room temperature. For the TEMPO/NaClO2/NaDCC
system, the reaction pH was also maintained at 6.86 by mixed phosphate buffer solution. After 6 h of
TEMPO oxidation at a stirring speed of 180 rpm, the oxidation was quenched by the addition of an
excess amount of ethanol. Then, TNOCS was washed with Milli-Q water and dried at room temperature.

2.3 Characterization
Zeta potential analysis (Zetasizer Nano ZS90, UK) was used to determine the surface charge of the
material, the crystal structure of cellulose was recorded using XRD (BRUKER D8 Advance, USA), and the
diffracted intensity of the Cu Kα radiation source (40 kV and 40 mA) was measured between 5° and 40°
at 10°/min. Furthermore, the surface morphology and elemental contents were analyzed by SEM (Zeiss
Sigma 300, Germany) and EDS (INSA ENERCY 350, UK), respectively. To examine the variation of the
surface functional groups on TNOCS before and after the adsorption process, FTIR spectroscopy (PE FT-
IR Frontier, USA) was carried out over a range of 4000 − 500 cm-1. The surface area and micropore
volume were determined based on BET (Micromeritics ASAP2460, USA). Then, AFM (Bruker Dimension
Edge, USA) combined with NanoScope Analysis software described the surface roughness and three-
dimensional topography by the average roughness (Ra) and root mean square (Rq) values. Finally, XPS
(Thermo Fisher Scienti�c K-Alpha, USA) with monochromatized radiation (AlKα, 1486.8 eV) operating at
15 kV and 10 mA under a residual pressure of 2×10-9 mbar was used to explore the adsorption
mechanism, and the data were analyzed by XPSPEAK41 software.

2.4 Batch adsorption experiments
All experiments were conducted in an incubator shaker at 25°C in triplicate with a rotating speed of 180
rpm. For this study, three different heavy metals, namely, Cd, copper (Cu) and lead (Pb), and three
LMWOAs, namely, citric acid (CA) and propionic acid (PA) and fulvic acid (FA), were chosen. The effects
of variable factors, such as the initial concentrations of Cd, solution pH, and molar ratios of Cd and CA
were investigated in batch experiments to explore the adsorption behavior of TNOCS. The solution pH
were adjusted by using 0.1 M HCl or NaOH solutions to explore the TNOCS capacity over a wide range
(pH 2–8), and the solution was �ltered through a 0.22 µm nylon syringe �lter before detection. In the
adsorption isotherm experiment, the initial Cd concentration was in the range of 50 mg/g to 150 mg/g
and shaken for 3 h until reaching adsorption equilibrium. Three different concentrations of NaCl and
MgSO4 were used to explore the effects of inorganic ions on TNOCS. To truly re�ect the in�uence of
inorganic ions of real water bodies, samples from three different urban rivers (A, B and C) located in
Guangzhou (Pearl River Delta) were obtained and arti�cial seawater was prepared as described by Kester
et al. (1967) (Kim et al. 2020). Heavy metal concentrations in the solutions were detected by atomic
absorption spectrometry (AAS, Thermo ICE-3500, USA). OA concentrations were estimated by a total
organic carbon analyzer (TOC-L, Shimadzu, Japan). The species evolution of the Cd-CA complex and CA
at various pH values was predicted by Visual Minteq 3.1 software. Moreover, the adsorption capacity (Qe,
mg/g) was calculated by Eq. (1).
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where C0 (mg/L) and Ce (mg/L) are the initial concentration and equilibrium concentration of the
pollutant, respectively, V (L) is the volume of solution, and m is the weight of TNOCS.

2.5 DFT calculations
Density functional calculations were conducted using the Dmol3 package in Materials Studio 2017 R2. In
addition, two monomer-linked modi�ed cellulose molecular segments were selected as the model in the
calculation. All atoms adopted the DNP 3.5 basis set of dual numerical polarization (DNP4.4) as the
electronic basis set, and all electron calculations were performed with unrestricted electron spin in the
whole DMol3 calculation process. Exchange-correlation functions were described by the generalized
gradient correction (GGA) and Perdew-Burke-Ernzerhof (PBE) functions. Furthermore, 1.0 x 10− 5 Ha
(energy), 2 x 10− 3 Ha Å−1 (gradient) and 5 x 10− 3 Å (displacement) were selected as the convergence
thresholds for optimization, and �ne precision control parameters were used. The COSMO model with a
permittivity of 78.54 (water) was used in the simulation to determine the solvation effect. Then, the
geometric optimizations of TNOCS, HM and the [HM-OA] complex forms were achieved by reaching a
minimal potential surface using the DMol3 module. After the geometric optimization of all molecules by
the DMol3 module, the analysis of the binding energy, highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs) was carried out for the geometries of TNOCS and the
[HM-OA] complexes. Finally, the charge density distribution of the adsorbent and its overlap with the
electron cloud were analyzed to clarify the electron exchange or sharing behavior in the adsorption
process. The adsorption energy (BE) on TNOCS and the frontier energy gaps (Eg1 and Eg2) were
calculated using equations (2–4):

BE = E  (ab)  -E(a) -E(b) (a: TNOCS, b: calculated substance) (2)

Eg  1  = E(LUMO)b - E(HOMO)TNOCS (b: calculated substance) (3)

Eg  2  = E(LUMO)TNOCS - E(HOMO)b (b: calculated substance) (4)

where BE is the total energy of b binding to TNOCS, E(a) and E(b) represent the total energies of TNOCS
and the substance under calculation, respectively, E(HOMO)TNOCS and E(HOMO)b are the HOMO energies of
TNOCS and the calculated substance, respectively, and E(LUMO)TNOCS and E(LUMO)b are the LUMO energies
of TNOCS and the calculated substance, respectively.

3. Results And Discussion

3.1 Material characterization
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The SEM and EDS images of the materials shown in Fig. S1 are compared with RCS. TNOCS clearly had
a rougher surface with more pores. In particular, at higher magni�cation, numerous valleys and
nanoparticles were newly distributed on the surface of TNOCS (Fig. S1 b). These results suggest that
these changes are due to the increase in reactive amorphous cellulose on the surface (Zhao et al. 2007).
As Fig. S1 b shows, most nanoparticles on the TNOCS surface were distributed in the range of 10 nm to
40 nm, suggesting that the structural features had a larger contact area to facilitate adsorption. The
oxygen content of TNOCS in the EDS image (Fig. S1 b) was 43.43 %, which was higher than that of RCS
(26.38 %) and infers that TEMPO oxidation could introduce oxygen-containing functional groups, i.e.,
carboxyl groups. In Fig. S1 c, d and e, the appearance of Cd con�rmed that TNOCS could uptake Cd in the
Cd, Cd-CA and Cd-PA solutions. In particular, the oxygen contents of TNOCS + Cd-CA and TNOCS + Cd-PA
were 28.44 % and 29.35 %, respectively. The increase in oxygen was higher than that of TNOCS (27.65 %),
indicating that CA and PA were adsorbed.

The AFM images in Fig. S2 a and b more directly show the morphological characteristics of the material
surface. Clearly, a rough surface with a large number of gullies appeared on TNOCS. The maximum
height difference of the material surface changed from (-1.3 nm, 1.3 nm) to (-38.3 nm, 34.9 nm);
moreover, the peak count and valley count of TNOCS and RCS measured by NanoScope Analysis were
485, 379 and 119, 84, respectively, as shown in Fig. S3. The increase in the peak count and valley count
veri�ed that the material surface became rougher after TEMPO oxidation, which bene�ted its adsorption
capacity (Tian et al. 2014). In addition, quantitative information concerning the roughness average (Ra)
and root mean square roughness (Rq) was obtained from the AFM images to describe the roughness of
the materials (He et al. 2019). As Fig. S2 shows, the Ra and Rq of TNOCS are larger than those of RCS,
which indicated that TNOCS had a rougher surface than RCS (Liang et al. 2018).

The BET surface area changed from 3.8235 m2/g to 140.3011 m2/g after TEMPO oxidation and then
decreased to 66.3692 m2/g, 2.9046 m2/g and 0.3492 m2/g due to the uptake of Cd, Cd-CA and Cd-PA,
respectively, which was also observed by Chen et al. (2010) and might be due to �ber horni�cation (Chen
et al. 2010). Furthermore, the pore volume, peak count and valley count increased after TEMPO oxidation,
as shown in Fig. S3, and con�rmed that TEMPO oxidation increased the surface area and the number of
pores. In general, the average pore diameter increased after TEMPO oxidation and adsorption. The
average pore diameter of RCS was 0.1066 Å and eventually became 0.4464 Å. In addition, the average
pore diameter of TNOCS decreased to 0.3398 Å, 0.1276 Å and 0.1468 Å after adsorbing Cd, Cd-CA and
Cd-PA, respectively.

FTIR spectroscopy was used to analyze the functional groups present in RCS, TNOCS, TNOCS + Cd,
TNOCS + Cd-CA and TNOCS + Cd-PA. As Fig. S4 a shows, the peaks at 3412 cm− 1 in the range from 3002
to 3692 cm− 1 are assigned to the − OH groups from side chains υ (− CH − OH) and υ (− CH2OH). The C = O

bond at 1735 cm− 1, attributed to − COO−, was strengthened, indicating that TNOCS introduced carboxyl
groups during TEMPO oxidation. Moreover, the C = O bonds were strengthened again after adsorbing Cd-
CA and Cd-PA, which validated the uptake of [Cd-CA] and [Cd-PA] complexes. In addition, the peak at 1047
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cm− 1 was attributed to the C-O component from C-OH and C-O-C (Zhang and Chen 2018), and the peak
appearing at 791 cm− 1 represented the β-linked glucan structure of cellulose (Zheng et al. 2019).

The XRD patterns of RCS, TNOCS, TNOCS + Cd, TNOCS + Cd-CA, and TNOCS + Cd-PA showed similar
trends, as shown in Fig. S4 b. There were two low-intensity peaks (2θ close to 16° and 35°) and a high-
intensity peak (2θ close to 22.5°), which were attributed to the crystallized and noncrystallized zones of
cellulose, respectively (Safari et al. 2018). The crystallinity index (CrI) was used to quantitatively describe
cellulose crystallinity and could be calculated from Eq. (5) (Zheng et al. 2019). The CrI of RCS (57.4 %)
was higher than that of TNOCS (48.5 %), indicating that H-bonds were destroyed after TEMPO oxidation.
However, the CrI of TNOCS + Cd, TNOCS + Cd-CA and TNOCS + Cd-PA decreased by 11.1 %, 14.6 % and
13.7 %, respectively, compared with TNOCS. It was concluded that the crystallization zone underwent
damage during adsorption, which increased its activity. Combined with the EDS results, the crystallinity of
carboxyl �bers might be lower with an increase in carboxyl groups on the material surface.

The zeta potential in Fig. S4 c describes the surface charge properties of materials from pH 2 to 12. As
shown in Fig. S4 c, the corresponding isoelectric point (IEP) at approximately pH 3 indicated that there
was electrical neutrality on the material surface in this situation. In general, the zeta potentials of TNOCS
and RCS both decreased as the pH increased. However, the zeta potential of TNOCS was lower than that
of RCS at pH values greater than 4, inferring that it had a stronger a�nity for positive contaminants (Lai
et al. 2016). In Fig. S4 c, the negative zeta potentials resulted in the dissociation of carboxyl groups
present on TNOCS, and it varied with the degree of functional group dissociation (Manian et al. 2018).
Furthermore, TNOCS had a high adsorption a�nity for positively charged pollutants due to the negative
zeta potentials on the surface (Erdemoǧlu and Sarikaya 2006).

where Iam is the intensity of the amorphous region, 2θ is 18° and I002 is the diffraction intensity of (002).

As shown in Fig. S5 a - e, the C-C peak was the most intense peak compared with the C-O-C and O-C = O
peaks. The bond energy and peak area of the C-C bonds in RCS (284.73 eV) were both smaller than those
of TNOCS (284.68 eV), indicating that the hydrophobicity of the adsorbent decreased (Wang et al.
2016b). The peak at 288.48 eV was attributed to the O-C = O peak, and its area was apparently increased
due to the introduction of carboxyl groups, which also caused the bond energy of the O-C = O peak to
decrease, as shown in Fig. S5 a and b. The peak area of O-C = O decreased after adsorption, revealing
that carboxyl groups participated during adsorption. However, the area of the C-C peak decreased
signi�cantly after adsorption of the CA and PA with Cd complexes, as shown in Fig. S5 c and d, which
indicated that the hydrophilicity of the material surface increased and that the hydrophilicity might
promote the adsorption of Cd-CA (Marquetti and Desai 2019). The two peaks of the O 1s spectra at 531.2
eV and 532.9 eV were assigned to the C = O group and C-O group in Fig. S5 f - j, respectively (Wei et al.
2017). Clearly, the area of C = O increased, suggesting that carboxyl groups were successfully introduced



Page 8/24

after oxidation, as shown in Fig. S5 f-g. In Table S2, the percentage of O-C groups decreased while that of
O-C = O groups increased, inferring that O-C bonds were gradually oxidized into O-C = O bonds (Lai et al.
2013). The percentage of the O = C group increased from 39 % to 50 % after Cd-CA adsorption, indicating
that CA could be taken up on the TNOCS surface.

3.2 pH effect
CA can form complexes with Cd, and their forms change with an increase in pH, as predicted by Visual
Minteq 3.1 software (Fig. S7 a-b). In CA solution, the concentration of H3-citrate decreased with an

increasing pH and could be ignored when the pH was more than 5. The concentrations of H2-citrate−, H-

citrate2− and citrate3− increased with an increasing pH and reached the highest concentrations of
approximately 4, 6 and 8, respectively. Regarding the Cd-CA solution, when the pH was higher than 4, the
concentration of Cd2+ decreased sharply, while the concentration of Cd-citrate− increased gradually;
notably, the �nal concentration ratio tended to be 1:1.

To explore the adsorption behavior of heavy metals and their complexes with OAs on TNOCS over a large
pH range, adsorption experiments of Cd and Cd-CA at different pH values were carried out. The variation
in the adsorption capacity of TNOCS from pH 2 to 8 is shown in Fig. S6 and then combined with Visual
Minteq software to simulate the distribution of various forms of Cd-CA in solution. Most Cd existed in the
form of Cd ions in the low pH range (pH 2–5), while the presence of CA increased the ionic strength,
which was the reason that the adsorption capacity of Cd in the Cd-CA solution was slightly lower than
that of Cd alone (Wang et al. 2013). In general, the adsorption capacity of TNOCS increased with an
increasing pH. This increasing pH result not only caused a decrease in the number of hydrogen ions but
also changed the surface charge of TNOCS from positive to negative (Fig. S4 c). As Fig. S6 shows, some
Cd ions gradually formed complexes [Cd-CA−] at pH 5–8, and there was an obvious increase in Cd
adsorption from pH 6 to 8. This phenomenon con�rmed the increase in the Cd adsorption capacity owing
to the uptake of [Cd-CA−] complexes by TNOCS. In particular, [CdH-CA] existed at pH 3 to 7, but the Cd
adsorption capacity did not synchronously increase with the increase in [CdH-CA], which meant that it did
not have a large in�uence on adsorption, as shown in Fig. S6. It was proven that [Cd-CA−] complexes,
which accounted for most of the solution, could promote adsorption, and the increase in adsorption was
related to the negative charge of the complexes due to the existence of a free carboxyl group. In addition,
it was obvious that TNOCS was more competitive at neutral pH, e.g., 5 to 8. Because the pH of seasonal
precipitation in the PRB is in the range of 6.19–7.51, adsorption isotherm experiments on Cd and Cd-CA
were carried out at pH 7 (Hong et al. 2010). Furthermore, different molar ratios of Cd to CA were applied
to determine the adsorption mechanism of Cd-CA on TNOCS, while the Cd concentration was always 80
mg/L.

3.3 Different molar ratios of Cd-CA
To further explore the adsorption mechanism, adsorption experiments with different Cd-CA ratios were
carried out, and the experimental Cd and [Cd-CA] data were �tted by Langmuir and Freundlich isotherms.
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The adsorption isotherms of Cd-CA with four different molar ratios, namely, 1:1, 1:2, 2:1, and 1:3, were
adopted to investigate the mechanism of adsorption at pH 7, and the species content is shown in Table
S3. For a wide range of Cd concentrations, the adsorption capacity of Cd was generally enhanced with an
increasing concentration of coexisting CA, as shown in Fig. 1a. When the Cd:CA molar ratio was lower
than 2, the adsorption reached equilibrium at a lower concentration (i.e., Cd = 20 mg/L), and the
adsorption capacity was lower than that under other conditions. This result indicated that CA had a
crucial role in Cd-CA adsorption. In Fig. 1b, the molar ratio of Cd and CA in the solution was close to 2
after adsorption. This result was similar to that before adsorption, while the initial concentration of Cd
was 80–200 mg/L. When TNOCS was already preloaded with a su�cient concentration of Cd by an
adequate adsorption time, the molar ratios of Cd and CA after and before adsorption were close to 1. This
phenomenon indicated that the [Cd-CA] complex was removed from the solution as a whole by
coordination. Furthermore, the UV-vis spectra of the residual solution highly overlapped with that of the
[Cd-CA] complex solution, as shown in Fig. 1c. This result again indicated that [Cd-CA] was removed as a
whole. Theoretically, the [Cd-CA] complex might interact with TNOCS through the Cd moiety or CA moiety
as the anchor. However, because the molar ratio of Cd and CA in the solution was close to 2 before and
after adsorption, it might be that Cd acted as a bridge between the [Cd-CA] complex and TNOCS. In other
words, some of the Cd was adsorbed on TNOCS at �rst, and then the [Cd-CA] complex was combined with
the adsorbed Cd. Additionally, for [Cd-CA] complex solutions with other molar ratios (i.e., Cd:CA = 1:2, 1:1
and 3:1), the molar ratios of residual Cd to CA in the Cd-CA solution after adsorption were in the ranges of
(1.07–1.95:1), (1.01–1.56:1) and (2.57–3.10:1), respectively. This result indicated that the residual molar
ratio of 1:2 and 1:1 tended to 2 and showed that excess Cd was in solution with a molar ratio of 3:1, also
proving that the ratio of Cd to CA adsorbed on TNOCS was 2:1. This result inferred that Cd �rst formed
[Cd-CA−] complexes with CA in the solution, and then TNOCS adsorbed Cd before adsorbing [Cd-CA−]
complexes through the Cd bridging effect. This behavior also explained why the negatively charged [Cd-
CA−] complexes could promote the adsorption of Cd. In addition, the bridging effect of heavy metals (e.g.,
Cd) also appeared in complex mixed systems of heavy metals and organic compounds (e.g., OAs) (Ling
et al. 2013). Heavy metals often form complexes with the functional groups of OAs. Furthermore, PA was
carried out to explore the effect of different amounts of the carboxyl groups of OAs on adsorption. The
speciation distribution of PA at different pH values was also predicted by Visual Minteq 3.1 software, as
shown in Fig. S7 c-d. In a Cd-PA solution, the concentration of propinate− decreased and H-propinate
increased with an increasing pH. In contrast, H-propinate decreased and propinate− increased in the PA
solution. In particular, a few Cd-propinate− complexes appeared after pH 4, which demonstrated that
monocarboxyl acid, i.e., propionate, was incapable of forming stable complexes with Cd(II) due to its
relatively weak complexation capability (Zhang et al. 2019). According to the ligand �eld stabilization
energy (LFSE) effects, Cd could form complexes with PA in a low-spin con�guration, which led to the
formation of unstable complexes (Kalmykova et al. 2008). However, propionic acid could also increase
the Cd adsorption capacity (i.e., the maximum adsorption capacity was 19.99 mg/g), which will be
discussed below in Fig. 1a. Two adsorption isotherm models, i.e., the Langmuir and Freundlich isotherms,
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were selected to evaluate the experimental data about Cd, [Cd-CA] and [Cd-PA] at pH 7 through the use of
equations (6) and (7), and the results are depicted in Fig. 1a and d. (Gurgel and Gil 2009)

where qe (mg/g) is the amount of contaminant adsorbed onto TNOCS, Ce is the equilibrium concentration
of contaminant in the aqueous solution (mg/L), b is the Langmuir constant (L/mg), KF and n are the
Freundlich constants, and qmax is the maximum adsorption capacity of TNOCS (mg/g). After �tting the
isotherms, the maximum adsorption capacities of TNOCS for Cd, Cd-CA and Cd-PA were 16.50, 22.15 and
19.99 mg/g, respectively. Clearly, the adsorption capacity of Cd increased with the existence of CA and
PA. Furthermore, as shown in Table S4, regardless of Cd, Cd-CA or Cd-PA, the adsorption isotherm data
were all better described by the Freundlich equation, indicating that contaminants were adsorbed on the
heterogeneous TNOCS surface in multiple layers rather than as a monolayer (Yao et al. 2020). Moreover,
the Freundlich constants (1/n) of Cd, Cd-CA and Cd-PA were 0 < 1/n < 1, which indicated heterogeneous
adsorption and chemisorption (Yang et al. 2019b). Generally, KF and 1/n indicate the adsorption capacity
and intensity, respectively. A high KF value represents a high adsorption capacity, and a low 1/n
represents a strong adsorption a�nity. Therefore, the adsorption a�nity of Cd-CA was stronger than that
of Cd and Cd-PA. After preloading, the Cd adsorption capacity decreased gradually with an increasing Cd
concentration, as shown in Fig. 1d. After saturation, TNOCS could still adsorb more Cd through CA, and
this ability was related to the initial concentration of cadmium in the Cd-CA solution and decreased with
an increasing Cd concentration. In addition, to verify the bridging effect of Cd, the adsorption isotherm
experiment of Cd-PA was carried out at a molar ratio of 1:1. In particular, the presence of PA could
promote adsorption, which indicated that it could be adsorbed by preloaded Cd, although [Cd-PA]
complexes were more unstable than [Cd-CA] complexes. In Fig. 2a, different heavy metals had different
adsorption capacities despite forming complexes with the same organic acid, i.e., Cd-CA > Pb-CA > Cu-CA.
This phenomenon was due to the Pauling scale electronegativity of metals and the differences in the
stability constants of Pb, Cu and Cd with CA. In general, high Pauling scale electronegativities and
stability constants between functional groups and metal ions correspond to stronger a�nities between
them (Kalmykova et al. 2008). Therefore, Cd had the weakest a�nity between them due to having the
lowest Pauling scale electronegativity (Pb: 2.33 > Cu: 1.9 > Cd: 1.7) and the lowest stability constant (Pb:
7.82 > Cu: 7.0 > Cd: 4.17) (Ma et al. 2018). Consequently, the Pauling scale electronegativity and stability
constant were the main in�uencing factors in the adsorption of the HM-citrate complex. To explore
whether TNOCS directly adsorbed CA and PA, we mixed TNOCS with CA and PA and detected the changes
in the CA and PA concentrations before and after adsorption. The adsorption capacity of CA or PA on
TNOCS, which might be attributed to pore �lling and hydrophobic interactions, was extremely low
compared with others, as shown in Fig. 2a (Shen et al. 2020). It also con�rmed that the mechanism of
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HM and OA adsorption on TNOCS was mainly the formation of complex [HM-OA] and then adsorption
rather than separate adsorption.

3.4 Effects of inorganic ions and the molecular weights of
OAs
Different ionic strengths and electrolyte species, namely, NaCl and MgSO4, as well as water from three
different sites and arti�cial simulated seawater were selected to explore the effects of inorganic ions on
adsorption. Regardless of the use of NaCl or MgSO4, the TNOCS adsorption capacity was inhibited when

inorganic ions existed, as shown in Fig. 2b. These results could be interpreted as the competition of Na+

and Mg2+ for the active metal-ion sites and the reduction in hydration radius, which caused increases in
the electrostatic repulsion force and steric hindrance and inhibited adsorption (Wang et al. 2013; He et al.
2018). Furthermore, the existence of inorganic ions changed the surface charge of TNOCS, as re�ected by
the zeta potential. In general, the zeta potential of the material decreased with an increasing inorganic ion
concentration regardless of the presence of Na+ or Mg2+.(Prathapan et al. 2016) The Debye-Huckel
screening strength and Debye length were used to describe electrostatic shielding (Livadiotis and
Mccomas 2014). Furthermore, the decrease in zeta potential was attributed to an increase in the Debye-
Huckel screening strength and a decrease in the Debye length. Theoretically, a decrease in zeta potential
is preferred to adsorb positive metal ions. However, the adsorption of Cd-CA was inhibited by Na+ or Mg2+,
as shown in Fig. 2b. Therefore, the competition of Na+ and Mg2+ and the increases in the electrostatic
repulsion force and steric hindrance were the main reasons for inhibited adsorption. The stronger ionic
strength caused more active sites to be occupied by Na+ and Mg2+, which led to the adsorption capacities
of Cd-CA being lower as the concentrations of Na+ and Mg2+ increased. Notably, MgSO4 at the same
concentration had a higher electron strength than NaCl; however, MgSO4 was inhibited due to being larger
than that of NaCl. In Fig. 2c, the adsorption capacities of TNOCS in water from the A site and B site were
not signi�cantly different, but the adsorption capacity in water from the C site was slightly inhibited,
which might be due to different concentrations of inorganic ions and OAs. Furthermore, in the presence of
NaCl or MgSO4, the adsorption capacity of Cd-CA was inversely proportional to its concentration, as
shown in Fig. 2d. This trend was also found with the water from sites at three different urban rivers of the
Pearl River Delta, i.e., sites A, B and C. However, it was di�cult to compare these results with other various
concentrations of Na+ and Mg2+ due to the variety and concentration of inorganic ions in the arti�cial
simulated seawater; however, the inhibition trend still existed. In Fig. 2d, the conductivity of arti�cial
simulated seawater was much larger than that of the water from the A, B and C sites. Moreover, in Fig. 2c,
the adsorption inhibition of arti�cial simulated seawater on the material was greater than that at other
points, which indicated that conductivity was an important factor affecting the adsorption capacity of
TNOCS. Moreover, seawater also inhibited the adsorption effect of other adsorbents (e.g., biochar) due to
its high ionic strength (Yang et al. 2019a).

PA and FA were utilized to explore the effect of OAs with different relative molecular weights on
adsorption. With three different relative molecular weights of OAs, the adsorptions of [Cd-OAs] on TNOCS
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were PA: 74.08, CA: 192.12 and FA: 227.16, as shown in Fig. 2e. Clearly, the adsorption capacity of
TNOCS decreased with an increase in the molecular weight of OAs but CA and PA could still increase the
adsorption capacity when compared with only Cd. This phenomenon, owing to the LMWOAs (e.g., CA and
PA), preferred to complex with Cd before their uptake on TNOCS as a result of the presence of small
carboxyl-rich molecules. Although HMWOAs (e.g., FA) often contain oxygen functional groups, their
adsorption on TNOCS tended to be in�uenced by hydrophobic interactions and steric hindrance, which
offset or outcompeted the surface complexation between FA and Cd (Shen et al. 2020). Furthermore, FA
could also be adsorbed and/or deposited onto the pore surface to block pores, resulting in a decrease in
the number of effective adsorption sites (Fu et al. 2008). Furthermore, the carboxyl groups of TNOCS
could form strong hydrogen bonds and strong π interactions with the amino (–NH2) and several hydroxyl
(–OH) groups found in FA, which also decreased the number of effective adsorption sites and made the
situation more complex (Zhao et al. 2011). In Fig. 2e, the existence of FA inhibited Cd uptake when the FA
concentration was 60 mg/L. However, the inhibitory effect of FA almost disappeared, and the adsorption
capacity was similar to that of Cd alone when FA = 120 mg/L. This result might be due to the functional
groups of FA adsorbing Cd, although FA was adsorbed on TNOCS. In addition, the comparison to state of
the art technologies for the removal of heavy metal was shown in Table S5(Jiménez et al. 2018; Bolisetty
et al. 2019). Among them, adsorption has incomparable advantages (e.g., e�ciency, low cost and high
water recovery e�ciency). Furthermore, the adsorption capacity of different adsorbents for Cd is shown
in Fig. S8. Obviously, TNOCS has great adsorption capacity in these adsorbents, whether cellulose-based
adsorbents or others(Wan Ngah and Hana�ah 2008; Jorgetto et al. 2013; Velazquez-Jimenez et al. 2013;
Siswoyo et al. 2014; Chen et al. 2019a; Zhou et al. 2020).

3.5 DFT calculation

3.5.1 Adsorption energies and molecular orbital distribution
Absolute value of the adsorption binding energy used to represents the adsorption capacity (Wang et al.
2013). Then, the adsorption capacity was ETNOCS+Cd (53.2 kcal/mol) > ETNOCS+Cd−CA (48.3 kcal/mol) > 
ETNOCS+Cd−PA (37.4 kcal/mol), as shown in Fig. S9. However, the high adsorption energy of the [Cd-CA]
complex (73.4 kcal/mol) indicated that Cd and CA tended to form complexes in solution. Combined with
the above results, the adsorption mechanism was that TNOCS adsorbs some of the Cd in solution and
then adsorbed the Cd-CA complex through the preloaded Cd.

Considering that the mechanism involved the interaction of carboxyl groups and HMs to form [HM-OA]
complexes, it is necessary to discuss the molecular electron distribution between the adsorbent and
adsorbates. Therefore, the HOMOs and LUMOs were investigated with FOT and are shown in Fig. 3.
Clearly, the HOMOs were mainly distributed on the glucopyranose ring linked by the carboxyl group
closest to the adsorption site on TNOCS, while the LUMOs were distributed on Cd, so that the main
electron transfer direction was from TNOCS to Cd, [Cd-CA] and [Cd-PA]. The variations in the HOMOs and
LUMOs con�rmed the electron transfer, which are clearly revealed through the energy gaps in Table S6.
Small energy gaps indicate the stronger stability of the adsorption (Yao et al. 2015). However, Eg2 was
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higher than Eg1 in the adsorption of Cd, [Cd-CA] and [Cd-PA], indicating that TNOCS always acted as an
electron donor.

To determine the number of electrons transferred during adsorption and complexation, the Mulliken
atomic charge distributions are shown in Fig. S10. The results showed that Cd was the electron acceptor
regardless of whether it was adsorbed (in Fig. S10 b - d) or complexed (in Fig. S10 a) with OAs. In
particular, the Mulliken atomic charge not only showed the path of electron transfer but also determined
the atomic force experienced by an atom under an external �eld (Rogers and Wang 2017). As Fig. S10 a
shows, the [Cd-CA] complex has greater electron transfer than the [Cd-PA] complex; this result is revealed
by the Mulliken charge of Cd changing more in the process of [Cd-CA] complexation. Moreover, the
adsorption of the [Cd-CA] complex on TNOCS caused electron transfer and redistribution so that the Cd
atom complexed with CA by two carboxyl groups had a lower Mulliken charge.

3.5.2 Electronic evidence of the adsorption behavior
As shown in Fig. 4a - c, electron density images were used to elucidate the degree of overlap of the
electron clouds of TNOCS and adsorbates, which had a direct effect on their binding ability (Chen et al.
2018). The red region represents the overlap of the electron clouds of the adsorbates and adsorbents, and
the colors from yellow to red indicate the gradual increase in charge density. As shown in Fig. 4a - c, the
highest charge density and largest electron cloud overlap degree was exhibited between the carboxyl
group and Cd in the adsorption of [Cd-CA] when compared with that of other adsorbates. Furthermore, the
electrons of Cd overlapped with those of the carboxyl groups on TNOCS, exhibiting a high charge density
and resulting in a high binding energy (Chen et al. 2018). Furthermore, there was a large overlap of the
electron clouds near the binding site of two Cd atoms and carboxyl groups in Fig. 4b. This phenomenon
could also con�rm that TNOCS adsorbed the [Cd-CA] complex through the preloaded Cd on the TNOCS
surface binding with the carboxyl groups of CA, owing to the strong electron-withdrawing ability of the
carboxyl group.

As Fig. 4d - f shows, the deformation charge density images were used for the analysis of electron
contribution in the adsorption process. The red region indicates the donation of electrons, and the blue
region indicates the acquisition of electrons (Chen et al. 2021). Therefore, the direction of electron
transfer was from the red region (i.e., oxygen) to the blue region (i.e., Cd), proving that the oxygen on
TNOCS acted as an electron donor and that Cd acted as an electron acceptor, which was basically
consistent with the results revealed by the Mulliken atomic charge distributions. In Fig. 4d - f, the electron
cloud colors and areas of [Cd-CA] adsorption were deeper and larger than Cd and [Cd-PA] adsorption
owing to the increased charge density that was transferred, and this result further veri�ed that the binding
ability of [Cd-CA] was stronger than that of Cd and [Cd-PA] (Chen et al. 2019b).

Electrostatic potential diagrams can visualize the overall charge distributions, size and shape of
molecules and have been intensively used to interpret and predict reactive behavior and electrostatic
interactions. In Fig. 4g - i, the electrostatic potential diagram clearly indicated that the electropositive area
was around the Cd ion, while the electronegative area was around the glucopyranose ring. The
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electrostatic potential diagram colors of [Cd-CA] adsorption were deeper than those of Cd, and the [Cd-PA]
adsorption attributed to carboxyl groups preferred to interact with the [Cd-CA] complex as the main
contributor to the surface charge (Gao et al. 2018). In summary, the electron density, deformation charge
and Mulliken charge distribution results con�rmed that electron transfer occurred during adsorption. The
electron transfer direction was from carboxyl groups to cadmium, whether it was cadmium ions or
complexed cadmium. Furthermore, electrons were always in a state of dynamic equilibrium during
adsorption (Chen et al. 2021).

4. Conclusions
TNOCS was used successfully for the effective removal of Cd (II) and [Cd-CA] complex in complicated
water-system. Actually, some of Cd (II) was �rstly adsorbed on TNOCS, and then the existence of [Cd-CA−]
complexes were combined with the adsorbed Cd, leading to the increase of adsorption capacity.
Moreover, the results of DFT calculations could quantitatively prove the above adsorption behaviors.
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Figures

Figure 1

(a) Adsorption isotherms of Cd-CA with different Cd:CA molar ratios (1:2, 1:1, 2:1 and 3:1). (b) Molar ratio
of residual Cd to CA in the Cd-CA solution after adsorption. (c) UV−vis spectra of the Cd-CA solution
before and after adsorption. (d) Adsorption isotherms of single Cd, Cd-CA and Cd-PA �tted by the
Freundlich model (dashed lines) and the isotherm of Cd-CA after preloading Cd.
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Figure 2

Adsorption capacity of [Cd-CA] under different conditions. (a) Different metal complexes with CA, CA
alone and PA alone on TNOCS. (b) Different concentrations of NaCl and MgSO4. (c) Water from three
sites (A, B and C) and synthetic seawater. (d) Electrical conductivity of different concentrations of NaCl
and MgSO4 and three sites. (e) OAs with different molecular weights and different concentrations of FA.
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Figure 3

HOMO and LUMO distributions for the adsorption of the three adsorbates on TNOCS (a and b: TNOCS +
Cd, c and d: TNOCS + Cd-CA, e and f: TNOCS + Cd-PA).
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Figure 4

Electron density images for the adsorption of the three adsorbates on TNOCS (a: TNOCS + Cd-PA, b:
TNOCS + Cd-CA, c: TNOCS + Cd). Deformation charge density images for the adsorption of the three
adsorbates on TNOCS (d: TNOCS + Cd-PA, e: TNOCS + Cd-CA, f: TNOCS + Cd). Electrostatic potential
diagram for the adsorption of the three adsorbates on TNOCS (g: TNOCS + Cd-PA, h: TNOCS + Cd-CA, i:
TNOCS + Cd).
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