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GRAPHICAL ABSTRACT

ABSTRACT

Massive consumption of cotton fabrics has brought up a serious problem concerning the waste cotton
fabrics (WCFs) disposal. It is widely accepted that if WCFs can be reutilized, there will be great business
potentials. Herein, we prepared a double network hydrogel based on WCFs and polyacrylamide (Cel-
lulose/PAM DNHs) for heavy metal removal. The DNHs exhibit fast kinetics that sorption equilibrium
is achieved in 5min because of the porous and sheet-like laminar structures they possess. The DNHs
also illustrate excellent adsorption property and good reusability. The tandem two columns packed with
Cellulose/PAM-3 can effectively process simulated and practical wastewater, and the adsorption dis-
crepancy is negligible after three adsorption-desorption cycles. The treatment volumes of simulated
wastewater are 172.5 BV (7935 mL), 195 BV (8970 mL), and 292.5 BV (13455 mL) for Cd(II), Cu(Il), and
Pb(II), respectively. Furthermore, the treatment volumes of practical industrial wastewater reach 42 BV
(1932 mL) for Cd(II), 63 BV (2898 mL) for Cu(II), and 87 BV (4002 mL) for Zn(II), Pb(II) and Fe, respectively.
This work provides a new avenue for the combination of WCFs reuse and heavy metal removal, which is
of great importance to the construction of resource sustainability and environment-friendly society.
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1. Introduction

Heavy metal pollution in waters is a worldwide and serious
environmental issue due to their toxicity and carcinogenicity [1].
Especially, toxic heavy metal ions, like Cd(II), Cu(II) and Pb(II), have
attracted the most attention and become a research focus [2-4].
Various techniques have been employed for heavy metal removal,
such as chemical precipitation, membrane, adsorption, and electro-
dialysis [5]. Among these available techniques, adsorption has been
viewed as one of the most attractive options for its easy operation
and high cost effectiveness [6]. Therefore, to further improve the
cost effectiveness of adsorption process, there is a growing need to
develop low-cost, renewable, locally available materials as adsor-
bent. Notably, waste materials and by-products from agriculture
and industry have been widely used for wastewater treatment,
such as biogas residues [7], chitosan [8], saccharomyces cerevisiae
[9] and biomass [10]. Most of them belong to nanomaterials which
possess large surface areas, easy modification, and large number of
active sites in favor of heavy metal removal. However, these materi-
als still suffer from drawbacks such as complex preparation process,
as well as difficulty in separation and regeneration.

Vast waste cotton fabrics (WCFs) are generated as the steady
increase of cotton textile consumption in the past few decades.
Additionally, the disposing methods of WCFs, specifically land-
fill and incineration, will not only create environmental pollution,
but also lead to great waste of valuable resources [11]. Signifi-
cant progress has been achieved over the past decade in recycling
WoCFs, including applied to pollutants removal [12,13], cellulose
nanocrystals extraction [14], sodium-ion batteries [15], cloth actu-
ator [16] and thermal insulating materials [17] preparation. Little
is known, however, about possible applications for heavy metal
removal. In general, the WCFs can dissolute in NaOH/urea aque-
ous solution, forming viscosity cellulose solution and exposing the
reactive functional groups [18]. Cellulose, formed by the repeated
connection of D-glucose building blocks, possessing characteristics
of hydrophilicity, chirality, biodegradability, broad chemical modi-
fication capacity, and ability to form versatile semicrystalline fiber
morphologies [19].

Recently, double network hydrogel (DNH), comprising two
interpenetrating and cross-linked polymer networks, has stimu-
lated research enthusiasm, because of its adjustable performance
[20-22]. The DNH significantly improves hydrogel mechanical
properties, and it can be produced and optimized in a fast and
controllable manner using one-pot strategy [23]. The high-water
content of DNH facilitates water permeability and the entry of for-
eignionsinto DNH interior [24]. Thus, if some functional groups are
introduced into the DNH structure, all will be excellent adsorbent.

Herein, taking cotton scraps collected from dyeing factory as an
example of WCFs, we prepared viscosity cellulose solution using
NaOH/urea aqueous solution. Then, DNHs based on cellulose and
polyacrylamide (Cellulose/PAM DNHs) were prepared by one-pot
strategy. The main objective of this study is to reveal the under-
pinned relation between the amount of crosslinking agent and
adsorption performance of the obtained materials, which is par-
ticularly important for the practical application of Cellulose/PAM
DNHs. To this end, the sorption performance and mechanism of
heavy metals onto Cellulose/PAM DNHs are revealed by a series
structural characterization and batch sorption runs. On the basis
of gathered experimental data, it inferred that the adsorption per-
formance is highly related to the crosslinking density of cellulose
network. More importantly, for the first time, a novel WCFs based
DNH was prepared and applied in heavy metal removal, which can
provide inspiration for future studies in WCFs disposal and heavy
metal removal.

2. Materials and methods
2.1. Chemicals and materials

Waste cotton fabrics (WCFs) without further purification or
bleaching were collected from dyeing and weaving factory. Urea
and acrylamide (AM, AR) were purchased from Sinopharm Chem-
ical Reagent Co., Ltd. Potassium persulfate (KPS, AR) and N,
N-methylenebisacrylamide (MBA, AR) were provided by Shanghai
Xitang Biotechnology Co., Ltd., China. Epichlorohydrin (ECH, AR)
was purchased from Aladdin Chemistry Co, Ltd. All the chemicals
were used as received without further purification. All aqueous
solutions were prepared with deionized water.

2.2. Preparation of Cellulose/PAM DNHs

Initially, WCFs were smashed into pieces, and dissolved in
NaOH-based aqueous system by two-step process. 4g WCFs
was dispersed in 48 g 14 wt% NaOH aqueous solution pre-cooled
to 0°C and stirred for 1 min. Then, 48g 24 wt% urea aqueous
solution pre-cooled to 0°C was added immediately with stir-
ring vigorously for 2 min, resulting a viscous cellulose solution.
Then, 6 mL cellulose solution was added to the aqueous con-
tains 1.0g AM, 0.6 mol% KPS (initiator for AM), 2mol% MBA
(crosslinker) and 2mL deionized water. Afterwards, different
amounts of ECH (0, 0.2, 0.3, 0.4, 0.5, 0.6 mL) were added to
the mixed solution to form different materials, and the samples
were named Cellulose/PAM-1, Cellulose/PAM-2, Cellulose/PAM-
3, Cellulose/PAM-4, Cellulose/PAM-5, and Cellulose/PAM-6. The
obtained sol was bubbled and injected into box of silica gel ice cubes
(1cm x 1cm x 1cm) and the box was presented in a forced con-
vection oven for 2 h at 60°C to complete the gelation process. The
synthetic cost of dried Cellulose/PAM DNHs is approximately US$
8.7 x 103/t (see in Supporting Information, SI). The overall prepa-
ration process of Cellulose/PAM DNHs is shown in Fig. 1.

2.3. Characterizations

The surface morphologies of these samples were examined by
field emission scanning electron microscopy (SEM, Hitachi S-4800).
Swelling ratio of the DNHs was calculated as SR=(Ws — Wy)/Wy,
moisture content of the swollen samples was calculated as (W
— Wyq)/Ws x 100%, where Ws and Wy are the weight of swollen
and dried samples, respectively. Compression tests were performed
on a MTS 858 Bionix Test System (MTS System Co., Minneapolis,
MN). The thermogravimetric analysis (TGA) was measured under a
nitrogen atmosphere with a TG/DTA7300 from room temperature
to 700 °C with heating rate of 10 °C/min. The functional groups of
samples were detected using a Fourier transform infrared Nicolet
5700 spectrophotometer (FTIR, American). The crystal phases of
the samples were analyzed by an X-ray diffractometer with Cu-Koa
radiation (XRD, M21X, MAC Science Ltd., Japan). 13C CP/MAS NMR
experiments were performed on Bruker AVANCE III 600 spectrom-
eter at a resonance frequency of 150.9 MHz. The chemical shifts of
13C was externally referenced to TMS. UV-vis diffuse reflectance
spectra (DRS) were recorded on a UV-vis spectrophotometer (Cary
300, USA) with an integrating sphere. The pH value at the point
of zero charge (pHpyzc) of the DNHs was measured by ApH drift
method in a series of 0.01 M NaCl aqueous with different initial
pH. The surface chemistry of the adsorbent was determined by X-
ray photoelectron spectroscopy (XPS, K-Alpha 1063, Thermo Fisher
Scientific, England).
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Fig. 1. Preparation of Cellulose/PAM DNHs. (I) Dissolution of WCFs, (II) preparation of sol containing cellulose solution, AM, MBA, KPS, and ECH, (III) the gelation of the

obtained sol.

2.4. Batch sorption of heavy metals

Analytical grade heavy metal nitrate salts (Cu(NO3),, Cd(NO3),
and Pb(NOs),) were employed to prepare the stock solutions. The
pH values of the solution were adjusted by 0.1 M HCl or NaOH solu-
tions. Adsorption experiments were performed in 10 mL centrifuge
tube, and the adsorbent was swollen with deionized water before
adsorption and dosage (weight of dry adsorbent) was 1 mg/mL.
The centrifuge tubes were placed in an incubator shaker (QYC2112,
Fuma, Shanghai, China) with desired temperature and fixed rotate
speed of 160 rpm for 6 h. After adsorption processes, the adsorbent
was separated by decantation and the supernatant was moni-
tored on an atomic absorption spectrophotometer (Z-2000, Hitachi,
Japan). For regeneration, the spent adsorbent was eluted with 1.0 M
HCI solution and regenerated with 0.1 M NaOH solution, further
washed with deionized water till neutral condition. Like the adsorp-
tion process, the elution and regeneration were performed in an
incubator shaker for 2 h. Changes in adsorption amount were deter-
mined at every cycle. All the experiments were performed twice
under identical condition where the relative errors were within
5%.

2.5. Simulated wastewater treatment

Single column and tandem two columns packed with
Cellulose/PAM-3 were used to test the fixed-bed column adsorp-
tion performance. The adsorbent was swollen with deionized water
and smashed into powder before filling the columns. The simulated
wastewater was prepared by the Xiangjiang River water (Changsha,
Hunan province, China) with addition of 50 mg/L Cd(II), Cu(Il) and
Pb(II), and pH value was adjusted to 5.00+0.01. The influent was
pumped up-flow through the column by a peristaltic pump. When
the effluent concentration was higher than the Chinese industrial
wastewater discharge limit, 0.1, 1.0 and 1.0 mg/L for Cd(II), Cu(II)
and Pb(II), respectively, the single column and tandem two columns
were regenerated and reused in the next cycle.

2.6. Industrial effluents treatment

The different dosages of Cellulose/PAM-3 and tandem two
columns packed with Cellulose/PAM-3 were used to treat the prac-
tical industrial effluent from Minmetals Copper Industry located in

Hengyang, Hunan province, China. The pH value of the wastewater
was adjusted before the treatment. When the effluent concentra-
tion was higher than the Chinese industrial wastewater discharge
limit, 0.1, 1.0, 1.0, 4.0 and 10.0 mg/L for Cd(II), Cu(II), Pb(II), Zn(II)
and Fe(II), respectively, the columns were regenerated and reused
in the next cycle.

3. Results and discussion
3.1. Characterization

The freeze-dried DNHs (Fig. S1) reveal a loose and macrop-
orous network which is assembled by hybrid crosslinked sheet-like
laminas cellulose and chemically crosslinked PAM. Benefit from
the sheet-like laminar structures, the inside active sites of DNHs
are more easily exposed. The swollen Cellulose/PAM DNHs have
a supramolecular structure (Fig. S2b), containing a high moisture
content ranges from 98% to 69% (Table S1). The large number
of hydrophilic functional groups in the DNHs favors for water
absorption, and it also is accessible to foreign molecules including
heavy metal ions [25]. The XPS element analysis of Cellulose/PAM-
1 (Table S2) shows that the carbon, oxygen, nitrogen and sodium
in Cellulose/PAM-1 are 61.69%, 26.00%, 7.75% and 4.56%, respec-
tively. The good mechanical property (Fig. S3a and Fig. S4) of the
DNHs should be resulted from the synergy of two mechanisms: the
cross-linking structure of cellulose network created via chemical
and physical cross-linking strategy, and the highly interconnected
DN structure [21]. The TGA curves (Fig. S3b) reveal that adsorbents
are relatively stable below 200 °C. Fig. S3c shows the FTIR spectra
of Cellulose/PAM DNHs, the intensity of each peak is roughly the
same and confirms the coexistence of cellulose and PAM networks.
The XRD pattern (Fig. S3d) also indicates the successful combina-
tion of cellulose and PAM. The 13C CP/MAS spectrum (Fig. S5) of
Cellulose/PAM-1 in a solid state indicates the coexistence of the cel-
lulose and PAM networks in the Cellulose/PAM-1 and their mutual
influence.

3.2. Effect of environmental conditions

Environmental conditions including pH and interfering ions
may affect the surface charge of adsorbent and existing form
of adsorbate, consequently influencing the ability of metal ions



J. Ma et al. / Journal of Hazardous Materials 344 (2018) 1034-1042 1037

45 (@) sttt 45 [ (0) rptt—"

30 301 « Cd e CuaPb
515} ~15¢ - - -Pseudo-first Order
] Cy=50 mg/L = C,=50 mg/L —Pseudo-second Order
g 0 ) ) g’ 0p ) ° ] ) : -
590} A teeeeereeeeee =90t

eor « Cd « Cu s PD 60¢

301 C =100 ma/L " -Pseudo-first Order 30

ol o= MY pseudo-second Order, ol C,=100 mg/L
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

45} ©) =S asfd) et

sor - Cd e Cu s Pb sop
- 15+ - - -Pseudo-first Order = 15} - - -Pseudo-first Order
Eo ol 4 Co=50mg/L  — Pseudo-second Order En ol C4=50 mg/L — pseudo-second Order
90} e

60 T 50f

30+ 25¢

ol 4 C¢=100 mg/L ol C,=100 mg/L
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

qt (mg/L)

n Cd e CuaPb = Cd e CuaPb
20+ - - -Pseudo-first Order 251 " - - -Pseudo-first Order
ol C,=100 mg/L — Pseudo-second Order ol C,=100 mg/L — Pseudo-second Order
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

Fig. 2. Time-dependent adsorption of Cd(II)/Cu(II)/Pb(II) on (a) Cellulose/PAM-1, (b) Cellulose/PAM-2, (c) Cellulose/PAM-3, (d) Cellulose/PAM-4, (e) Cellulose/PAM-5, and (f)

Cellulose/PAM-6, Cp =50/100 mg/L, T=298 K, pH=5.00+0.01,m/V=1g/L.

removal. The uptake of heavy metal ions onto Cellulose/PAM DNHs
is a pH-dependent process (Fig. S6). The adsorption efficiency
increases quickly when pH value ranges from 2.00 to 3.00, then
increases slowly at pH 3.00-4.00, and at last retains high sorption
at pH above 5.00. The pH of bulk solution precipitation (pHgsp)
for Cd(II), Cu(Il) and Pb(II) with initial concentration of 50 mg/L
is 8.53, 5.86 and 5.87, respectively, and no precipitation occurred
at pH below pHgsp. Therefore, the excellent heavy metal removal
at pH below pHgsp is mainly attributed to adsorption rather than
precipitation. The pH value at zero potential point (pHpyc) of Cellu-
lose/PAM DNHs is greater than 7.00 and increases with increasing
amount of ECH (Fig. S6a and Table S1), due to the reduction of
oxygen-containing functional groups. Generally, at pH<pHpyc, the
protonation reactions (—O~ +H* — —OH) happen during the pro-
cess, which is unfavorable for adsorption due to the electrostatic
repulsion [26]. The Cellulose/PAM DNHs exhibit a relatively low
adsorption efficiency at pH 2.00, which suggest that spent DNHs
could be regenerated by acidic solutions.

In addition, the same positive-charge and high-level contents
of the common cations may lead to surface adsorption sites com-
petition toward heavy metal ions. Fig. S7 shows the effect of
Na(I), K(I), NH4(I), Ca(Il) and Mg(II) on Cd(II)/Cu(II)/Pb(II) adsorp-
tion by Cellulose/PAM DNHs. For Cellulose/PAM-1 (Fig. S7a) and
Cellulose/PAM-2 (Fig. S7b), the interfering ions had negligible

effect on metal ions removal. Meanwhile, for the other four DNHs,
the increasing concentrations of interfering ions had resulted in
a decreased adsorption trend. Comparatively, the Pb(Il) uptake
behaviors slightly influenced by the presence of competing ions.
Among these interfering ions, Ca(Il) and Mg(II) have shown the
greatest effect on the adsorption efficiency. This phenomenon can
be explained by the following reasons: (i) With the decrease of
active groups and increase of interfering ions, the competition for
available sites is further strengthening [27]. (ii) Among these inter-
fering ions, the ionic radius of Ca(Il) and Mg(II) is relatively small,
which will lead to stronger ions-active groups interaction [28].
(iii) The Cellulose/PAM DNHs sequester Cd(II)/Cu(II)/Pb(II) mainly
through nonspecific electrostatic interactions [29].

3.3. Adsorption kinetics

Kinetic experiments were carried out by determining the solu-
tion Cd(II)/Cu(Il)/Pb(II) contents at various time intervals. The
adsorption amount of ions on the Cellulose/PAM-1, 2 and 3
increased rapidly in the first 5min and equilibrium is achieved
within 10 min, and the other three materials reached equilibrium
at about 20 min (Fig. 2). As shown in Video S1, a small piece of
Cellulose/PAM-3 was added into 3 g/L Cu(Il) aqueous solution, and
it quickly turns blue. The rapid kinetics are mainly attributed to
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Fig. 3. Adsorption isotherms of Cd(II)/Cu(II)/Pb(II) on (a) Cellulose/PAM-1, (b) Cellulose/PAM-2, (c) Cellulose/PAM-3, (d) Cellulose/PAM-4, (e) Cellulose/PAM-5, and (f)

Cellulose/PAM-6, tcontact =6 h, pH=5.00+0.01,m/V=1g/L.

the high permeability and sheet-like laminar structures, which
favor for the diffusion and adsorption of metal ions. To describe
the kinetic process, pseudo-first-order and pseudo-second-order
models (see in SI) were employed to fit the kinetics data, and the
kinetic parameters are summarized in Table S3-S8. The pseudo-
second-order model gives the best fitting results according to the
correlation coefficient (R2). This result implies that the rate limiting
step may be chemical sorption involving valency forces through the
sharing of electrons exchange [30]. Furthermore, the intraparticle
diffusion model (see in SI) was also used to describe the adsorption
process (Fig. S8). Apparently, the curves contain two main steps
and plots of the first step do not pass through the origin, indicating
the multi-stages of adsorption and the first stage is not dominated
by intraparticle diffusion process [31]. This can be attributed to the
sheet-like laminar and macroporous structure of the DNHs.
Valuable information about the influencing factors of adsorp-
tion rate can be obtained through a comparative study of the
as-prepared DNHs. The Cellulose/PAM-2 shows the largest pseudo-
second-rate constant and advantage in adsorption rate. This can be
attributed to the comprehensive effect of active sites amount and
porous structure [32]. The Cellulose/PAM-1 shows smaller rate con-

stant for the minimum pore size which resulted from the stack of
cellulose sheet. Additionally, the Ky at equilibrium is shown in the
following order: Cellulose/PAM-1>2>3>4>5, which is in posi-
tive correlation with active sites amount. Obviously, the adsorption
ability of the as-prepared DNHs is directly dependent on active
sites amount, while the adsorption rate not only depends on the
functional groups content, but also the structure.

3.4. Adsorption modeling and thermodynamics

Temperature-dependent adsorption data fitted with Langmuir,
Freundlich and Dubinin-Radushkevich (D-R) isotherm models (see
in SI) are shown in Fig. 3 and Fig. S9. Adsorption amount increased
with increasing initial heavy metal concentrations until reaching
equilibrium. Noticeably, the residue concentration of Pb(Il) remains
2.0mg/L after using 1g/L Cellulose/PAM-1 when the initial con-
centration is 300 mg/L. The nonlinear curve fitting parameters of
Langmuir, Freundlich, Langmuir-Freundlich, RP and Temkin mod-
els are summarized in Table S9-S14. The adsorption isotherm data
at 288, 298 and 308K are better fitted with Langmuir adsorp-
tion model, which suggests that heavy metal adsorption onto
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Cellulose/PAM DNHs is mostly via monolayer adsorption [33].
According to the fitting parameters, Cellulose/PAM-1 has the
potential to remove Cd(II), Cu(Il) and Pb(II) from aqueous solu-
tions at 298 K with a maximum adsorption capacity of 198.48,
138.90 and 382.80 mg/g, respectively. Apparently, the maximum
adsorption capacity decreases with increasing crosslinking dosage,
and increases with increasing temperature. In addition, the Ry val-
ues are between 0 and 1 (Table S9-S14), which illustrate that the
adsorption process is favourable [34]. The comparison of the maxi-
mum uptake of Cd(II)/Cu(II)/Pb(II) on cellulose based adsorbents is
listed in Table S15. The adsorption capacity of Cellulose/PAM DNHs
are comparatively high, revealing their great potential in dealing
with heavy metal removal.

The thermodynamic parameters such as the standard free
energy change (AG), standard enthalpy change (AH), and stan-
dard entropy changes (AS) were calculated according to the van't
Hoff equation (see in SI) and average free energy (E) was calcu-
lated according to D-R isotherm equation. The negative values of
AG and the positive values of AH and AS (Table S16) indicate that
the adsorption of Cd(II), Cu(Il) and Pb(II) on Cellulose/PAM DNHs
are spontaneous and endothermic in nature, showing a high affinity
[35]. The value of E (6.51-20.08 kJ/mol) (Table S17) is beyond the
range of 8-16k]J/mol, revealing that the adsorption process does
not just occur with ion exchange [36].

3.5. Adsorption mechanism

In the above discussion, a preliminary conclusion can be inferred
that this adsorption process does not just occur with ion exchange.
To further understand the interaction mechanism, the FTIR, XRD
and XPS studies were performed by choosing Pb(Il) adsorption as
a representative case. The DRS were performed by choosing Cu(Il)
adsorption as a representative case for the transition metal prop-
erties of Cu(II).

Fig. S10 shows the FTIR spectra of the Cellulose/PAM DNHs
after adsorption of Pb(II). Compared to the spectra of Cellu-
lose/PAM DNHs (Fig. S3c), the intensity of peaks corresponds to
C—OH, C—0—C, and C—O stretching vibration weakened obviously,
which indicates that cellulose network is involved in adsorption
process. From the DRS (Fig. S11), there are obvious differences
between Cellulose/PAM DNHs and Cellulose/PAM DNHs-Cu(II)
(Cellulose/PAM-1 with adsorbed Cu(Il)). After the adsorption of
Cu(ll), the d-d transition in metal center is seen by weak broad
band in the range of 600-770 nm, suggesting that chemical inter-
action occurred between Cu(ll) and Cellulose/PAM DNHs [37]. As
can be seen from the XRD patterns of the Cellulose/PAM-1-Pb
(Fig. S3d), the intensity of characteristic peaks ((110) and (200))
of cellulose II decrease and manifest as shoulder peaks compared
to the Cellulose/PAM-1. The XRD patterns did not show any Pb
phases so it is established that Pb is evenly dispersed in the adsor-
bent [38]. In the total XPS survey scans (Fig. S12a), new peaks of
Pb(Il) are observed in the Cellulose/PAM-1-Pb. As shown in Fig.
S12b, the high-resolution scans for O 1s in the Cellulose/PAM-
1 can be grouped into three peaks at 535.8, 532.8, and 531.2eV,
corresponding to C—O—H, C—0—C, and C=0, respectively [39,40].
For Cellulose/PAM-1-Pb, slight shift is observed which reveal that
oxygen-containing groups are involved in the adsorption pro-
cess. In particular, after Pb(II) adsorption, the N 1s peak remains
unchanged (Fig. S12c), uncovering that nitrogen atom did not play
a role in the adsorption process [41]. It is due to the lone pair of
electrons of nitrogen atom in amide group were occupied, and the
nitrogen atom was unlikely to donate the lone pairs to metal ions.
Note that the Pb(II) binding energies for Cellulose/PAM-1-Pb are
centered at 143.5 eV for Pb 4f5; and 138.6 eV for Pb 4f;, (Fig. S12d),
respectively. Compared to the Pb(II) binding energies for purified
Pb(NO3); (144.5 and 139.6 eV for Pb 4f5, and Pb 4f;,, respectively)

Table 1
The fixed-bed column parameters.

Parameter Value

single column two columns

Mass of dry sorbent (g) 4 8
Column diameter (mm) 14 14
Bed depth (mm) 150 150
Bed volume (BV) (mL) 23 46
Empty bed contact time (EBCT) (min) 5 8
Flow rate (mL/min) 4.06 5.75
Hydraulic loading rate (mm/min) 30 37.5

[29], a remarkable shift of 1.0eV to lower binding energy of Pb 4f
is observed. This shift indicates the formation of strong affinities
between Pb(II) and Cellulose/PAM-1. Thus, the adsorption of ions
by Cellulose/PAM DNHs is not a single process, mainly involved ion
exchange and electrostatic attraction.

3.6. Selective adsorption

For the selective adsorption test, a mixed solution of Pb(II),
Cu(II), Cd(II), Zn(II), Mn(II), Fe(Il) and Ni(Il) at pH 5.0+ 0.01 was
prepared, and initial concentration of all metal ions was set as 50
or 100 mg/L. As shown in Fig. S13, in the mixed solution, preferen-
tial adsorption of heavy metal ions depends on many factors, such
asinitial concentration, adsorbent species and dosages. The relative
selectivity coefficients of Cellulose/PAM DNHs (Table S18-S23) for
each specific metal ion are far greater than 1, suggesting its prior-
ity on the sorption of the corresponding ion and ability to remove
other metal species in a mixed solution [42].

3.7. Sorption/desorption

The metal-loaded Cellulose/PAM DNHs were eluted by 1.0M
HCI solution, and then treated with 0.1 M NaOH solution, since
the adsorption performance was highly dependent on the solution
pH. Negligible discrepancy of adsorption amount is observed after
10 cycles of the adsorption-desorption process (Fig. S14). More-
over, the Cellulose/PAM DNHs can be separated directly from waste
water through natural settling.

3.8. Simulated wastewater treatment

The laboratory small columns packed with adsorbent can be
used to simulate the performance of pilot or full-scale systems
[43]. The Xiangjiang River water was used to prepare the simulated
wastewater (sampling site is shown in Fig. S15), the total carbon
(TC), total organic carbon (TOC), inorganic carbon (IC), chemical
oxygen demand (COD¢;) and pH were 17.38, 1.54, 15.84, 8.0 mg/L
and 7.24 (Table S24), respectively.

Simultaneous Cd(II)/Cu(II)/Pb(IlI) removal was achieved using
fixed-bed columns packed with Cellulose/PAM-3, and the efflu-
ent concentrations were measured (Fig. 4). The column parameters
are summarized in Table 1. For the single column, the treatment
volumes reach 132 BV (3036 mL) for Cd(II), 168 BV (3864 mL) for
Cu(ll), and 264 BV (6072 mL) for Pb(Il), the effluent concentra-
tions are well below the Chinese industrial wastewater discharge
limit. However, for the tandem two columns, the treatment vol-
umes are 172.5 BV (7935 mL) for Cd(II), 195 BV (8970 mL) for Cu(II),
and 292.5 BV (13455 mL) for Pb(Il), respectively. Apparently, the
adsorption saturation of the single column which requires regen-
eration is not achieved. Therefore, columns in series would be
beneficial to take advantage of the adsorption potential of adsor-
bent. The mass balance calculation indicates that the total amount
of Cd(II)/Cu(II)/Pb(II) loaded on the single column and tandem two
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Fig. 4. Effluent Cd(II)/Cu(II)/Pb(II) concentrations from (a) single column, and (b) tandem two columns during three regeneration cycles as a function of bed volume,
photographs of (c) single column, and (d) tandem two columns during adsorption process. pH=5.00+0.01, 1 BV is 23 and 46 mL for single column and two columns,

respectively.

columns was 328.4/328.7/343.0 and 667.9/672.3/686.1 mg, respec-
tively. The tandem two columns are efficient than single column
because of the long mass transfer path, which facilitates more com-
plete use of the adsorbent [44]. The cost analysis (see in SI) indicates
that the amount of costs savings using columns in series increases
as the process capacity increases. The adsorbed Cd(II)/Cu(II)/Pb(II)
can be entirely eluted with approximately 2 BV (46 mL) and 2 BV
(92 mL) of HCl solution for single column and tandem two columns
(Fig. S16), respectively. Consequently, the metal ions were concen-
trated for the volume decreased from 6900 and 13800 mL to 46 and
92 mL for single column and tandem two columns, respectively. In
addition, the other physicochemical characteristics values of the
simulated wastewater that is treated with tandem two columns
were reduced significantly (Table S24). Notably, the adsorption
ability discrepancy is negligible after adsorption-desorption cycles,
showing the excellent reusability of Cellulose/PAM-3.

3.9. Industrial effluent treatment

The physicochemical characteristics values (Table S24) of the
industrial effluent (sampling site is shown in Fig. S17) were mea-
sured, and several kinds of main heavy metal ions existed such
as Cd(II), Pb(II), Cu(Il), Zn(II), and Fe with initial concentrations of
268.400, 7.600, 2324.700, 512.800, and 69.00 mg/L, respectively.
The pH value of the raw wastewater was adjusted to 3.11, and
different dosages of Cellulose/PAM-3 were used to remove heavy
metal ions (Table 2). Obviously, the removal amount of all metal
ions increased with increasing adsorbent dosage. With an adsor-
bent dosage of 6 g/L, the total concentration of residual metals is
0.54 mg/L and remaining concentration of each ion is lower than
the discharge standard, and physicochemical characteristics values
were also reduced significantly (Table S24).

Two columns packed with Cellulose/PAM-3 were applied to the
industrial effluent treatment with a pH adjusted to 5.00, and efflu-
ent concentrations were measured (Fig. 5a). The treatment volumes
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Table 2
Metal ions concentrations of industrial effluent before and after adsorption by different dosages of Cellulose/PAM-3.
Parameter pH Concentration (mg/L)
Ccd Cu Pb Fe Zn
Dosage 0 0.98 268.400 2324.700 7.600 69.00 512.800
(g/L) 0 3.11 28.800 205.200 1.900 5.00 75.000
1 3.11 17.250 168.950 0.070 4.00 51.670
2 3.11 12.35 127.700 0.055 2.00 42.745
3 3.11 4.550 80.900 0.005 1.60 26.800
4 3.11 2.450 42.950 0.005 0.55 8.475
5 3.11 0.340 2.590 0.005 0.10 0.350
6 3.11 0.050 0.290 0.005 0.10 0.095
Removal rate / 99.8% 99.8% 99.7% 98.0% 99.9%
Discharge limit / 0.1 1.0 1.0 10.0 4.0

Fig. 5. (a) Effluent metal species concentrations from two columns during three regeneration cycles as a function of bed volume, (b) desorption ratio of metal species with
different amount of 1.0 M HCl, and (c) photographs of the columns during adsorption process. pH=5.00+0.01, 1 BV is 46 mL.

reach 42 BV (1932 mL) for Cd(I1), 63 BV (2898 mL) for Cu(Il), 87 BV
(4002 mL) for Pb(II), Zn(Il) and Fe, respectively, and the effluent
concentrations are well below the Chinese industrial wastewater
discharge limit. Therefore, if the treatment volume is controlled
below 42 BV (1932 mL), metal ions in the industrial effluent can
be effectively removed. It takes only 420 min to process 42 BV
(1932 mL) wastewater according to the bed contact time. Based on
the mass balance calculation, when the treatment volume reaches
87 BV (4002 mL), the total amount of Cd(II)/Cu(Il)/Pb(Il)/Zn(Il)/Fe
loaded on the adsorbent is 111.5/723.2/10.6/289.6/17.0 mg. The
desorption history of saturated columns reveals that metal ions
loaded on the adsorbent can be entirely eluted with 2 BV (92 mL)
1.0 M HCl solution (Fig. 5b), and photographs are shown in Fig. 5c.
Attractively, the treatment volumes retain respectively 36 BV
(1656 mL) for Cd(II), 54 BV (2484 mL) for Cu(II),and 87 BV (4002 mL)
for Pb(II), Zn(II) and Fe in the 3rd cycle. The discrepancy of treat-
ment volumes in the 1 st and 3rd cycles should be attributed to the
other impurities that occupies the adsorption sites. Overall, Cellu-

lose/PAM DNHs show the potential of treating industrial effluent
contains metal ions.

4. Conclusions

We have successfully prepared a series of DNHs based on cellu-
lose derived from WCFs and explored the heavy metal adsorption
performance of these materials. The three-dimensional porous
structure and sheet-like laminar cellulose network offer promising
contributions to heavy metal removal. The Cellulose/PAM DNHs
exhibit fast kinetic, large adsorption capacities and reversible
adsorption properties. The adsorption performance is highly
dependent on the amount of cross linker (ECH) which is related
to the number of active sites and adsorbent structure. In addition,
fixed-bed columns packed with Cellulose/PAM-3 can effectively
treat simulated wastewater and industrial effluent, and the regen-
eration of columns is operationally feasible. This study provides a
novel route to recycle the WCFs, and at the same time it can be
applied to the wastewater treatment, which is expected to guide
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an effective way to recycle solid waste and produce low-cost adsor-
bent.
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