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ABSTRACT: In this study, anionic dialdehyde cellulose (DAC) and cationic dialdehyde cellulose (c-DAC) nanofibrous adsorbents
were prepared via a two-step reaction from bamboo pulp, using sodium periodate and Girard’s reagent T as oxidizing and cationizing
agents, respectively. The performance of DAC and c-DAC for selective dye adsorption and separation was evaluated by six different
organic dyes (with varying charge properties) and certain binary mixtures. Both adsorbents could remove the dyes but with different
capability, where DAC exhibited high adsorption efficiency against cationic dyes (e.g., the maximum adsorption capacity for
Bismarck brown Y was 552.1 mg/g) and c-DAC exhibited high adsorption efficiency against anionic dyes (e.g., the maximum
adsorption capacity for Congo red was 540.3 mg/g). To investigate the adsorption mechanism for these adsorbents, effects of
contact time, initial pH value, initial dye concentration, and ionic strength on the adsorption activity against Congo red were
investigated. The adsorption equilibrium data of DAC were found to fit best with the Langmuir isotherm model, whereas that of c-
DAC were found to fit best with the Freundlich model. Both DAC and c-DAC adsorption kinetic data could be described by the
pseudo-second-order kinetic model, and these adsorbents possessed stable adsorption efficiency in the pH range of 4−10.
Furthermore, their dye adsorption capabilities were found to increase with increasing ionic strength (salt concentration). The
distinctive complementary features of DAC and c-DAC will allow them to remove a wide range of organic dyes from industrial
wastewater.

1. INTRODUCTION
The world is facing pressing water crises because of the rapid
decline in available freshwater sources. Dye contamination
from manufacturing industries, such as textile, paper, leather,
plastic, etc., contributes to this crisis. The effective removal of
organic dyes from contaminated industrial wastewater has
become an urgent task in addressing this widespread
environmental issue. It has been reported that more than
700,000 tons of dyes are produced yearly around the world
with over 10,000 tons of dyes consumed in the textile industry,
where approximately 10−15% of dyes are leaked into the
environment.1 As most synthetic dyes contain azo linkages and
aromatic rings, which make them highly toxic and non-
biodegradable, their presence in our hydrosphere can pose a
significant threat not only to human health (i.e., carcino-

genesis, respiratory toxicity, and teratogenicity) but also to the
aquatic ecosystem.2 To remediate this problem, various
biological, chemical, and physical techniques, such as enzyme
degradation,3 photocatalysis,4 ion exchange,5 coagulation,6

membrane filtration,7 and electrochemical treatment,8 have
been developed to treat dye contamination in wastewater.
Among these methods, the adsorption approach is considered
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a cost-effective approach for dye removal due to the low cost,
energy efficiency, and ease of implementation.9,10

The most crucial step for the implementation of the
adsorption process in wastewater treatment is the development
of an efficient, sustainable, and cheap adsorbent. Although
numerous low-cost natural adsorbents, such as chitosan,11

activated carbon,12 plant gum,13 graphene,14 and coffee
residue,15 have been reported in recent years, these materials
still have some shortcomings that need improvement. For
example, some fabrication processes of these adsorbents
require the use of undesirable solvents, toxic monomers, and
metal catalysts that can create additional pollution issues, and
some reactions are too energy-intensive to be cost-
effective.12,13,16 Additionally, very few studies have been
carried out to understand the effectiveness of these adsorbents
for selection and separation of different dyes. In the textile
industry, the selective removal ability of an adsorbent is highly
desirable, as sometimes only certain dyes need to be recycled
from the effluent. To date, most reported adsorbents that
possess effective selective dye adsorption abilities are usually
realized by introducing charges on the surface or within the
framework of polymers,10,17 metal−organic frameworks,18 and
alloy19 adsorbents. However, the high production cost of these
materials due to the need for special reagents or processing
techniques (e.g., organic solvents, electrospinning, and freeze-
drying) have limited their real-world applications.

Micro- and nanoscale cellulose, extracted from abundant and
diverse biomass feedstocks, are widely used as green and
sustainable adsorbents for water purification.20 In recent
studies, various functional groups or grafted oligomers/
polymers, such as aminosilane,21 imidazolium ionic liquids,22

zwitterion moieties,23 and polyethylenimine,24 have been
attached to the cellulose surface for the effective removal of
organic dyes. The adsorption takes place due to the strong
electrostatic interaction between the dye molecules and the
modified cellulose surface. However, there are few studies
regarding the application of nanocellulose-based adsorbents for
selective adsorption and separation of cationic and anionic
dyes through multiple interaction forces.

In this study, we report a relatively simple and cost-effective
approach to prepare two types of nanocellulose-based
adsorbents with either a negatively charged or positively
charged surface for adsorption and selective separation of
organic dyes. Specifically, partially fibrillated nanostructured
dialdehyde cellulose (DAC) with an anionic surface was first
produced through periodate oxidation. Subsequently, cationic
dialdehyde nanocellulose (c-DAC) was prepared by cationiz-
ing DAC using (carboxymethyl)trimethylammonium chloride
hydrazide (Girard’s reagent T), containing both amino and
quaternary ammonium groups. Girard’s reagent T has a long
history in the preparation of cationic dialdehyde starch25 and
has also been used as an effective agent for cellulose
cationization.26,27 To the best of our knowledge, no studies
have ever been reported on the investigation of anionic and
cationic dialdehyde celluloses for dye separation and selection,
nor on the examination of complex multiforce driven
adsorption between dialdehyde cellulose adsorbents and dye
molecules. Thus, in this study, the adsorption behavior of the
resulting DAC and c-DAC adsorbents against different varying
cationic and anionic organic dyes and their mixtures was
systematically explored. It was found that DAC exhibited high
and selective uptake capability toward cationic dyes over
anionic dyes, whereas c-DAC showed an opposite trend. In

addition, Congo red was chosen as a model dye to further
evaluate the effects of experimental factors on the adsorption
behavior, possible mechanism, recyclability, and a possible
implementation pathway by dynamic column adsorption.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Bamboo pulp was used as

the biomass source in this study. Sodium periodate (NaIO4,
99%), alizarin red S (ARS), and brilliant cresyl blue (BCB)
were purchased from Acros Organics. (Carboxymethyl)-
trimethylammonium chloride hydrazide (Girard’s Reagent T,
99%) and acid green 25 (AG25) were purchased from Sigma-
Aldrich. Sodium hydroxide (NaOH, 97%), hydrochloric acid
(HCl, 36.5−38%), sodium chloride (NaCl, 99%), sodium
sulfate (Na2SO4, 99%), sodium phosphate (Na3PO4, 96%),
hydroxylamine hydrochloride (NH2OH·HCl, 96%), and
dehydrated alcohol (CH3CH2OH, 99.5%) were purchased
from Fisher Scientific. Congo red (CR), Bismarck brown Y
(BBY), and acid brown M (ABM) were purchased from Alfa
Asear. All chemicals were used as received without further
purification.

2.2. Preparation of Anionic and Cationic Dialdehyde
Cellulose Adsorbents. 2.2.1. Anionic Dialdehyde Cellulose
(DAC). DAC was prepared by adding sodium metaperiodate
(NaIO4/dried cellulose ratio was 4 mmol/g) into a 1.25 wt%
bamboo pulp (pristine_cellulose) suspension. The reaction
was heated at 55 °C for 24 h without any exposure to light.
After the reaction finished, the formed iodate was regenerated
back to periodate using 1.25 M hypochlorite solution under
the alkaline condition, according to a method reported by
Liimatainen et al.28 The resulting partially fibrillated DAC
microfibers were subsequently washed with DI water followed
by vacuum filtration until the conductivity of the filtrate
became lower than 5 μS/cm.
2.2.2. Cationic Dialdehyde Cellulose (c-DAC). The c-DAC

adsorbent was prepared by modifying the DAC sample with
Girard’s reagent T (GT) as described in our previous study.27

In brief, GT was dissolved into the DAC suspensions with a
GT/anhydroglucose mole ratio of 3:1; the pH value of the
mixture was then adjusted to 4.5 using 0.1 M HCl solution.
The reaction was allowed to proceed for 72 h under
continuous stirring at room temperature. The resulting c-
DAC suspension was transferred into dialysis tubing (Spectral/
Por, 3.5 kDa MWCO) in a deionized water bath until the
conductivity of the water bath was below 5 μS/cm. Both DAC
and c-DAC samples were stored at 4 °C in suspension form for
further study.

2.3. Material Characterization. 2.3.1. Determination of
Aldehyde and Nitrogen Content. The aldehyde content on
DAC and c-DAC samples was determined using the hydroxyl-
amine hydrochloride titration method.29 The nitrogen content
of c-DAC was determined using the CNS (carbon, nitrogen,
and sulfur) elemental analysis technique (Thermo Scientific,
EA1112). Detailed calculation methods of the aldehyde
content and GT’s degree of substitution are described in the
Supporting Information (sections S1 and S2).
2.3.2. Chemical and Crystalline Structure Character-

izations. The functional groups of pristine_cellulose, DAC,
and c-DAC samples were characterized by Fourier transform
infrared (FTIR) spectroscopy (Thermo Scientific, Nicolet
iS10), where the spectra were obtained at a resolution of 4
cm−1 in the wavenumber range of 700−4000 cm−1. Solid-state
13C cross-polarization/magic angle spinning nuclear magnetic

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07839
ACS Omega 2023, 8, 8634−8649

8635

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07839/suppl_file/ao2c07839_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


resonance (CPMAS NMR) spectroscopy was conducted using
a Bruker AVANCE III HD 600 MHz NMR spectrometer. All
samples were tested at a spinning speed of 11.7 kHz with a
minimum of 24,000 scans. The crystalline diffraction profiles
were obtained by wide-angle X-ray diffraction (WAXD, Rigaku,
Benchtop MiniFlex 600) using a Cu Kα radiation source (λ =
1.5406 Å) operated at 40 kV and 15 mA. The 2θ diffraction
diagrams were obtained between 5° and 40° at a scanning rate
of 5° min−1. The peak deconvolution analysis was carried out
to calculate the crystallinity index (CI) and crystallite
dimensions of the sample.30 In this analysis, the sharp crystal
diffraction peaks in the WAXD profile was fitted with the
pseudo-Voigt function using MDI Jade 10 software (Materials
Data, Inc.), and the broad amorphous background (at around
21.5°) was fitted with the Gaussian function. The CI value was
determined by the ratio between the sum of the area under the
crystal diffraction peaks over the total area under the WAXD
profile. The crystal dimensions of the major lattice planes were
also estimated from the WAXD profiles using Scherrer’s
equation (eq 1):31

=D k
B coshkl

hkl (1)

where k is the Scherrer constant (k = 0.9), λ is the X-ray
wavelength (λ = 0.154 nm), Bhkl is the peak width at half-
maximum intensity, and θ is the diffraction angle.
2.3.3. Surface Characterization of DAC and c-DAC in

Solid and Suspension. The surface morphology of DAC and
c-DAC samples was characterized by a scanning electron
microscopy instrument (SEM, Zeiss, LEO 1550 SFEG)
equipped with energy-dispersive X-ray analysis (EDX) for
elemental mapping (EHT = 2.5 kV). TEM images of these
samples were acquired using a transmission electron
microscopy instrement (TEM, JEOL, JEM-1400) operated at
80 kV. The sample preparation for TEM measurements was as
follows: DAC and c-DAC suspensions were diluted to 0.01 wt
% and subsequently sonicated for 1 h. Then, 10 μL of
suspension was deposited onto a carbon-coated 300-mesh
copper grid (Ted Pella Inc.), followed by staining using a drop
of 2.0 wt% uranyl acetate for 10 s. The Brunauer−Emmett−
Teller (BET) specific surface areas of DAC and c-DAC were
analyzed via the N2 adsorption−desorption isotherms using a
NOVAtouch LX2 (Quantachrome) instrument. The zeta
potentials of DAC and c-DAC suspensions (0.1 wt%) were
measured via a Zetaprobe analyzer (Colloidal Dynamics) to
investigate their surface charge.

2.4. Dye Adsorption Studies. The following adsorption
studies were conducted in triplicate at room temperature (25
± 1 °C) with the samples being shaken at 250 rpm in darkness
to complete the adsorption process. Both DAC and c-DAC
adsorbents were tested in the suspension form.
2.4.1. Dye Selective Adsorption Study. To evaluate the

selective adsorption efficiencies of DAC and c-DAC, batch
adsorption tests were carried out using both cationic dyes
(BBY and BCB) and anionic dyes (CR, AG25, ABM, and
ARS). All the experiments in this section were performed using
a single-component dye system. Before the adsorption test,
calibration curves of each dye were obtained using UV−vis
spectroscopy (Thermo Scientific, Genesys 10S), and the
results are shown in Figure S1. The equilibrium adsorption
value (qe) of DAC and c-DAC against each individual dye was
obtained by the typical adsorption test as follows: an

appropriate amount of DAC or c-DAC suspension (equivalent
to 7.5 mg in dry weight) was added to an aqueous dye solution
to prepare a 15 mL testing solution (the initial concentration
C0 = 100 mg/L, pH 7). The mixture was oscillated for 24 h to
reach equilibrium. After centrifuge separation of the cellulose
adsorbent from the dye solution, the final concentration of the
dye solution was determined via UV−vis spectroscopy at the
maximum adsorbance value of each dye (i.e., λmax‑BBY = 463
nm, λmax‑BCB = 625 nm, λmax‑CR = 497 nm, λmax‑AG25 = 610 nm,
λmax‑ABM = 464 nm, and λmax‑ARS = 516 nm). The amount of the
dye adsorbed by the DAC or c-DAC adsorbent, qe (mg/g), was
determined by eq 2:

=q
C C V

m
( )

e
0 e

(2)

where C0 and Ce (mg/L) are the initial and final
concentrations of the dye in aqueous solution, respectively;
V (L) is the solution volume; and m (g) is the mass of the
adsorbent used.
2.4.2. Mixed Dye Separation Study. The separation of dye

mixtures by DAC and c-DAC was also investigated. All the
experiments in this section were performed using a binary-
component dye system. Specifically, 7.5 mg of DAC was added
into 15 mL of an aqueous mixture of BBY and ARS, whereas
7.5 mg of c-DAC was added into 15 mL of an aqueous mixture
of CR and AG25. The initial concentration of all dyes in the
mixture was 25 mg/L. After being oscillated for 5 h, the
mixtures were centrifuged; the supernatants were then
analyzed by UV−vis spectroscopy in the wavelength range of
400−700 nm with medium rate scanning.
2.4.3. Effects of Experimental Factors on the Adsorption

Performance. As the typical dye molecule often contains both
amino groups and sulfonate groups, CR was chosen as a model
dye in this study to investigate the adsorption mechanism,
kinetics, isotherms, and optimum adsorption conditions for the
DAC and c-DAC adsorbents. The following factors were
carefully evaluated. All the experiments in this section were
performed using a single-component dye system.
Adsorption Kinetic Study. In this study, 2.5 mg of DAC or

c-DAC adsorbent was used to treat the CR aqueous solution
(5 mL, C0 = 100 mg/L, pH 7). The CR concentrations were
determined at different time intervals (10−480 min). The dye
uptake (qt) was then plotted against the contact time (t) and
analyzed using the pseudo-first-order, pseudo-second-order,
and intraparticle diffusion models to obtain the kinetic
adsorption parameters.
Effect of pH. The effect of the initial pH value on the

equilibrium CR adsorption value was investigated by adding
2.5 mg DAC or c-DAC into 5 mL of CR solution (C0 = 100
mg/L) at different pH values (4−12). In this experiment, the
mixture was equilibrated for 24 h before testing.
Effect of Initial Dye Concentration on Adsorption

Isotherm. The adsorption isotherm of DAC and c-DAC
adsorbent was studied by adding 2.5 mg of adsorbent into a 5
mL of CR aqueous solution (C0: 50−2000 mg/L, pH 7) or
BBY aqueous solution (C0: 10−300 mg/L, pH 7), whereby the
mixture was centrifuged and analyzed after 24 h. The
equilibrium dye uptake (qe) was plotted against the
equilibrium concentration (Ce) and fitted by three different
isotherm models (i.e., Langmuir, Freundlich, and Temkin
models) for analysis.
Effect of Ionic Strength. The effect of different coexisting

anions (NO3
−, SO4

2−, and PO4
3−) was investigated at a series
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of concentrations (i.e., 0.01, 0.05, 0.1, 0.2, and 0.3 M) using 2.5
mg of adsorbent and 5 mL of CR solution (C0 = 100 mg/L,
pH 7, 24 h).
2.4.4. Recyclability Test. The recyclability of c-DAC toward

cationic dye adsorption was evaluated via five consecutive
adsorption−desorption cycles. In this experiment, a mixture of
99.5% ethanol and 0.1 M NaOH (1,1 volume ratio) was
prepared as the eluent to recover the adsorption sites on c-
DAC. Specifically, the desorption process was performed by
separating 15 mg of CR-loaded c-DAC from the batch
adsorption via vacuum filtration of the mixture prepared under
vigorous stirring for 30 min. Then the eluent with desorbed
CR was analyzed via UV−vis to estimate the desorption
efficiency. In each cycle, 30 mL of CR solution (C0 = 100 mg/
L, pH 7) was used in the adsorption test, while 30 mL of the
eluent was used for the desorption test. Each adsorption or
desorption run lasted for 30 min.
2.4.5. Column Adsorption Test. Column adsorption

experiments were carried out at room temperature (25 ± 1
°C) in a glass column having an inner diameter of 3.2 cm. In
this experiment, 0.5 g of freeze-dried DAC or c-DAC sample
was loaded into the column, forming a fixed bed with a 3 cm
bed height. The dynamic adsorption experiment was
conducted by pumping a CR solution (C0 = 100 mg/L, pH
7) upward through the column bed at a flow rate (Q) of 2 mL/
min. The effluent sample was collected at a fixed time interval.
The CR concentration in the effluent was analyzed by UV−vis.
The breakthrough curve was obtained by plotting the ratio of
Ct/C0 against time (t), where Ct and C0 (mg/L) are the dye
concentrations in the effluent and influent, respectively. The
experiment was stopped when the column reached the
saturation point.

According to the experimental data, the column maximum
adsorption capacity and other relevant parameters in the
column adsorption process could be analyzed as follows.32,33

For a given influent concentration and flow rate, the column
maximum adsorption capacity qtot (mg) can be obtained using
eq 3:

= =
=

=
q

QA Q
C t

1000 1000
d

t

t t

tot 0
ads

tot

(3)

where A is the area under the breakthrough curve, Q (mL/
min) is the flow rate, ttot (min) is the total flow time, and Cads =
C0 − Ct (mg/L) is the concentration of the adsorbed CR. The
amount of the dye adsorbed per unit weight of the adsorbents
in column adsorption, column equilibrium capacity qeq (mg/
g), can be calculated by eq 4.

=q
q

meq
tot

(4)

where m (g) is the amount of the adsorbent loaded in the
column bed. The total amount of the dye infused in the
column Mtot (mg) can be calculated by eq 5.

=M
C Qt
1000tot

0
(5)

Finally, the removal rate of dye, R (%) can be calculated by eq
6.

=R
q

M
tot

tot (6)

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of DAC and c-

DAC Adsorbents. The anionic and cationic dialdehyde
cellulose adsorbents were achieved through two consecutive
reactions: (1) the oxidation of the hydroxyl groups at C2 and
C3 positions of the glucose unit on the cellulose surface to
obtain DAC and (2) the subsequent Schiff’s base reaction
between the aldehyde groups on DAC and the amino groups
on GT, therefore “chemically grafting” the cationic quaternary
ammonium groups onto the cellulose surface and forming c-
DAC. We note that the presence of surface charge on cellulose
would result in partial fibrillation (or electrostatic swelling) of
the pulp. The application of low mechanical energy (e.g., by
homogenization) can easily fully fibrillate the pulp and result in
a nanofiber dispersion. However, we did not carry out the

Figure 1. Preparation of DAC by periodate oxidation of bleached pulp and subsequent cationization using Girard’s reagent T to create c-DAC.

Table 1. Surface Characteristics of Pristine_Cellulose, DAC, and c-DAC Samples

average % (w/w)

sample aldehyde content(mmol/g) N C S GT content(mmol/g) DS % zeta potential (mV)

pristine_cellulose 0.00 40.45 0.07 0.00 0
DAC 5.27 0.00 38.34 0.10 0.00 0 −24.2 ± 3.0
c-DAC 1.35 0.63 40.10 0.10 0.14 2.73 +40.8 ± 3.5
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mechanical fibrillation step because the partially fibrillated
sample in the form of a microfiber greatly facilitates its ability
to be handled. The anionic surface charge of DAC can be
attributed to the hypochlorite bleaching process of bamboo
pulp, converting some hydroxyl groups into carbonyl groups,
and subsequently carboxyl groups.44 Furthermore, in the
periodate oxidation step, some dialdehyde groups may be
further oxidized and generate dicarboxylic cellulose as the
byproduct. The two-step preparation route for creation of
DAC and c-DAC and their corresponding structures are shown
in Figure 1.

Table 1 summarizes the surface characteristics of pristine_-
cellulose (bamboo pulp), DAC, and c-DAC samples. Based on
the titration study, the values of the aldehyde content in DAC
and c-DAC were found to be 5.27 and 1.35 mmol/g,
respectively. The smaller aldehyde content in c-DAC could
be attributed to the Schiff’s base reaction between DAC and
GT, where imine bonds were formed between aldehyde and
amino groups and some unreacted aldehyde groups could
remain in c-DAC. Interestingly, no nitrogen content was
detected in pristine_cellulose and DAC samples. However,
after treatment with GT, the value of 0.63% nitrogen content
in c-DAC corresponds to a 2.73% GT’s degree of substitution
(DS) per bulk anhydroglucose unit. Furthermore, the zeta
potential values of cellulose suspensions also showed a
reversed-charge change: −24.2 mV for DAC and +40.8 mV
for c-DAC. Both elemental analysis and zeta potential
measurement results indicated the successful GT modification
on the cellulose surface.

The morphologies of DAC and c-DAC samples were
investigated by SEM and TEM techniques, where the results
are shown in Figure 2. In the SEM image of DAC (Figure 2a),
large fiber bundles were seen, indicating the degree of
fibrillation in DAC was low due to the weak electrostatic
repulsive interaction on the surface of DAC. The partially
fibrillated morphology in DAC could be identified in the TEM
image (Figure 2c), exhibiting the dimensions of fibrillated

nanofibers (the fiber length in the range of 50−150 nm and the
mean fiber width of 4.49 ± 1.14 nm). In contrast, the SEM
image of c-DAC (Figure 2b) showed a larger degree of
fibrillation, where the corresponding TEM image (Figure 2d)
displayed a relatively homogeneous small aggregation of
nanofibrils having the fiber length in the range of 150−550
nm and the mean fiber width of 10.41 ± 2.79 nm.

These results can be explained by the following reasons. The
electrostatic repulsion forces between c-DAC fibers can
increase significantly by introducing the positively charged
quaternary trimethylammonium (−N+(CH3)3) groups onto
the cellulose surface, facilitating the fibrillation process.27 This
hypothesis was supported by the BET measurement, where the
BET specific surface area of DAC was 8.10 m2/g, but that of c-
DAC was 11.93 m2/g for c-DAC (the curves of nitrogen
adsorption−desorption isotherm are shown in Figure S2).

The FT-IR spectra of pristine_cellulose, DAC, and c-DAC
samples are shown in Figure 3a. All the spectra exhibited
typical characteristic peaks of cellulose at 3332, 2897, 1429,
1367, 1316, 1261, 1161, 1030, and 897 cm−1.34 The new peaks
observed at 1727 and 887 cm−1 in the DAC spectrum were
assigned to the carbonyl group stretching and the hydrated
form of dialdehyde cellulose, respectively, which confirmed the
success of periodate oxidation.35 In the c-DAC spectrum, two
new peaks observed at 1686 and 926 cm−1 were assigned to
the carbonyl group and the N−N bond in the attached GT
reagent.36 Furthermore, the peak at 1595 cm−1 could be
assigned to the imine bond formed between the aldehyde
group on DAC and the GT reagent, further confirming the
successful grafting of GT onto the DAC surface.26,37

The solid-state 13C NMR spectra were acquired to further
investigate the cellulose structural changes by the cationization
process (Figure 3b). The characteristic peaks in the
pristine_cellulose spectrum were assigned to C1 (105 ppm),
C4 (89 ppm), C4′ (84 ppm), C2,3,5 (70−80 ppm), and C6 (65
ppm) atoms in the repeating anhydroglucose unit (AGU).38 In
contrast, the DAC spectrum in the range of 100−80 ppm
showed a great deal of deterioration, implying a decrease in the
ordering of cellulose crystalline structure due to oxidation.38

Contrary to DAC, the c-DAC spectrum was very similar to the
pristine_cellulose spectrum, due to the removal or dissolution
of the amorphous region on the DAC surface. A distinctive
peak at 56 ppm was observed in the c-DAC spectrum, which
could be assigned to the carbon signal in the cationic
trimethylammonium group.39 Furthermore, the absence of an
expected carbonyl signal at around 175−180 ppm implies that
the aldehyde groups on the cellulose surface were hydrated or
existed in the hemiacetal form. Similar observations have been
reported previously.37,40

The crystalline structure of pristine_cellulose, DAC, and c-
DAC were further investigated by the WAXD technique
(Figure 3c). All three samples displayed similar diffraction
peaks from the cellulose Iβ pattern. These peaks appeared at
around 14.6°, 16.2°, 22.9°, and 34.5°, which could be
attributed to the (11̅0), (110), (200), and (004) lattice planes,
respectively.41 Based on the deconvolution of the diffracto-
grams (shown in Figure S3), the calculated CI values and the
crystal sizes (normal to the three lattice planes of cellulose
(11̅0), (110), and (200)) from the pristine_cellulose, DAC,
and c-DAC samples are listed in Table 2.

In Table 2, substantial decreases in the CI value and
corresponding crystal size in DAC are observed when
compared to those in pristine_cellulose. This could be

Figure 2. SEM images of (a) DAC and (b) c-DAC and TEM images
of (c) DAC and (d) c-DAC.
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explained by the opening of the glucose ring, leading to the
partial destruction of the ordering in the cellulose crystal
structure due to periodate oxidation,42 which is consistent with
the 13C NMR observation. After the cationization process, the
WAXD profile of c-DAC became similar to that of
pristine_cellulose, where the corresponding CI value increased
back to 47.2%. This can be explained by the notion that the
cationization process can lead to the breakdown of cellulose
chains on the cellulose surface, where some cationic cellulosic
derivatives become soluble in water. As a result, some
amorphous region was removed and the overall crystallinity
of the c-DAC was slightly increased.27,37 It was interesting to
find that the crystal size of the hydrophilic planes (11̅0) and
(110) in c-DAC also showed an apparent increase after
cationization. This observation indicated some recrystallization
might have occurred on the (11̅0) and (110) surfaces of the
adjacent cellulose microfibrils, similar to the process observed
from the drying process.43

3.2. Dye Adsorption Studies. 3.2.1. Adsorption of
Cationic and Anionic Dyes and Corresponding Adsorption
Mechanism. Two cationic and four anionic dyes were chosen
to evaluate DAC and c-DAC’s adsorption performance and the

corresponding adsorption mechanism. The chemical structures
of these six dyes (CR, BBY, AG25, ABM, ARS, and BCB),
containing different compositions of positively charged amino
or negatively charged sulfonate groups, are illustrated in Figure
4a. The adsorption performance of DAC and c-DAC against
these dyes is shown in Figure 5. It was found that DAC showed
high qe value toward cationic dyes (e.g., qe = 187.6 for BBY and
qe = 13.3 mg/g for BCB). Although DAC also showed
appreciable qe for CR of 30.1 mg/g, its equilibrium adsorption
values against other anionic dyes (AG25, ABM, and ARS) were
negligible (qe < 1.6 mg/g). In contrast, c-DAC exhibited high
qe values toward anionic dyes, especially for CR (qe = 183.6
mg/g). As for cationic dyes, c-DAC adsorbed BBY well (qe=
66.2 mg/g) but showed no adsorption for BCB. The most
significant uptake difference of CR and BBY via c-DAC and
DAC could be visually observed (Figure 5b), where the CR
and BBY aqueous solutions were almost clear after being
adsorbed by c-DAC and DAC, respectively.

Considering the structural differences between DAC and c-
DAC on the cellulose surface and the chosen dyes, two
possible adsorption mechanisms can be proposed (Figure 4b).
In the first mechanism, the dominant adsorption driving forces
can be attributed to the formation of covalent bonding
between the aldehyde groups on the cellulose surface and the
amino groups on the dye by Schiff’s base reaction.44 Thus, it
can be rationalized that the adsorption capacity by DAC
should decrease in the order BBY > CR > BCB due to the
decreasing amino content in these dyes. Moreover, DAC
exhibited a higher BBY qe value than c-DAC because DAC
possesses more aldehyde groups on its surface. In the second
mechanism, the dominant adsorption driving force can be
attributed to the strong electrostatic interaction between the

Figure 3. (a) FT-IR spectra and the enlarged regions of interest: (i) 1800−1500 cm−1 and (ii) 1000−800 cm−1; (b) the solid-state 13C NMR
spectra and (c) WAXD patterns of pristine_cellulose, DAC, and c-DAC samples.

Table 2. Crystalline Index and Crystal Size Normal to the
Three Lattice Planes of the Cellulose Crystal Structure from
Pristine_Cellulose, DAC, and c-DAC Samples

crystal size (nm)

sample CI (%) (11̅0) (110) (200)

pristine_cellulose 49.6 ± 0.1 2.7 ± 0.1 3.2 ± 0.1 4.1 ± 0.0
DAC 20.7 ± 0.5 1.9 ± 0.1 1.9 ± 0.1 3.6 ± 0.1
c-DAC 47.2 ± 0.3 2.7 ± 0.0 2.8 ± 0.1 3.6 ± 0.1
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charged cellulose surface and the dye molecules.45 As DAC’s
surface is slightly negatively charged, DAC should possess
electrostatic attraction to cationic dyes and electrostatic
repulsion to anionic dyes.46 This was observed in this study,
which showed that DAC exhibited a higher affinity to cationic
dyes over anionic dyes. However, although CR is negatively
charged, DAC still displayed adequate adsorption capacity
toward it. This can be attributed to the interplay of Schiff’s
base reaction and electrostatic repulsive force between DAC
and CR, in which Schiff’s base reaction has played a dominant
role. On the other hand, the positively charged surface of c-
DAC exhibited higher qe values for anionic dyes. Due to the
dominant attraction forces between the cationic quaternary
ammonium groups on c-DAC and the anionic sulfonate groups
in dye molecules, the c-DAC’s affinity toward anionic dyes was
found to increase with the increase of sulfonate contents in
dyes, i.e., CR > AG25 ≈ ABM > ARS. However, due to the

strong repulsive electrostatic force between c-DAC and
cationic dyes, the interaction between c-DAC and some
cationic dyes with low amino content (such as BCB) might be
low, resulting in little to no adsorption. Meanwhile, c-DAC
exhibited some adsorption toward cationic dyes with high
amino content (such as BBY). Overall, under the interplay of
the above two adsorption mechanisms, DAC is effective for
removing cationic dyes having amino groups, while c-DAC is
effective for removing anionic dyes.
3.2.2. Selective Separation of Dye Mixture. Based on the

different adsorption behaviors toward varying dyes, DAC and
c-DAC can be applied in selectively separating different dyes
from their mixtures. The expectation is that the dye with a high
affinity to the adsorbent (high qe value) would be adsorbed
effectively, while the dye with a low affinity to the adsorbent
(low qe value) would be left in the solution. In order to validate
this hypothesis, two binary dye mixtures, BBY−ARS and CR−

Figure 4. (a) Chemical structures of six tested dyes. (b) Schematics of different dye adsorption mechanisms by DAC and c-DAC adsorbents.
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AG25, were chosen as the test models for dye separation tests
by using DAC and c-DAC, respectively. The individual dyes
and the mixture of dyes before and after adsorption were
monitored by both UV−vis spectroscopy and digital images,
and the results are shown in Figure 6. In the BBY-ARS mixture,
after the adsorption by DAC, the BBY band (λmax = 451 nm)
almost disappeared, whereas the intensity of the ARS band
(λmax = 516 nm) remained about the same. Moreover, the
mixture color faded from orange to pink, which was similar to
the color of the pure ARS solution. Similarly, in the AG25-CR
mixture, the band of CR (λmax = 497 nm) completely
disappeared, and the color of the mixture faded to the same
as pure AG25 solution after adsorption by c-DAC. These
observations suggest that both DAC and c-DAC adsorb only
their high-affinity dyes from the dye mixture and achieve the
selective separation of certain dyes.
3.2.3. Effects of Experimental Factors on the Adsorption

Performance. Due to the unique structure of CR, which
contains both amino and sulfonate groups, CR adsorption can
be dominated either by Schiff’s base reaction or by electrostatic
attraction. For this reason, CR was chosen as a model dye in

this study to understand the effects of various experimental
factors on the adsorption performance.
The Adsorption Kinetic Study. The CR adsorption kinetics

results by DAC and c-DAC were measured at various time
intervals from 10 to 480 min (Figure 7a). It was found that the
CR adsorption process by c-DAC was rapid in the first 10 min,
rapidly approaching the final qe value of 172 mg/g (i.e., 97% of
CR removal). Meanwhile, the CR adsorption by DAC was
found to increase relatively slower, with qe reaching a plateau
value of 37 mg/g over about 5 h. These CR adsorption kinetics
data were fitted by three kinetic models: (i) pseudo-first-order,
(ii) pseudo-second-order, and (iii) intraparticle diffusion,
which are expressed in eqs 7, 8, and 9, respectively:47

pseudo-first-order:

=q q q K tln( ) lnte e 1 (7)

pseudo-second-order:

= +t
q q

t
K q

1 1

t e 2 e
2

(8)

intraparticle diffusion:

= +q K t C( )t id
0.5

i (9)

where qe (mg/g) and qt (mg/g) are the amounts of adsorbed
CR per unit weight of adsorbent at equilibrium and at time t,
respectively; K1 (min−1), K2 (g mg−1 min−1), and Kid (mg g−1

min−0.5) are the rate constants of the pseudo-first-order, the
pseudo-second-order, and the intraparticle diffusion models,
respectively; and Ci (mg/g) is the intercept constant that
relates to the thickness of the boundary layer. The linear fitting
results by using these models are shown in Figure 7, and the
corresponding kinetic parameters are summarized in Table 3.

From the fitting analysis in Figure 7, it was found that both
CR adsorption results using DAC and c-DAC correlated best
with the pseudo-second-order model (the correlation co-
efficient R2 ≥ 0.999), considering the results from the other
two models. Furthermore, the calculated theoretical equili-
brium adsorption values from the pseudo-second-order model
(qe,2) for DAC and c-DAC agreed very well with the
experimental values (qe,exp). These results suggest that the

Figure 5. (a) Comparison of DAC and c-DAC’s adsorption
capabilities toward six different dyes (CR, BBY, AG25, ABM, ARS,
and BCB). (b) Photographs of CR and BBY uptake phenomenon,
from left to right: the initial dye solution and dye solutions after
adsorption via DAC and c-DAC, respectively.

Figure 6. Photographs and UV−vis spectra of (a) BBY-ARS and (b) AG25-CR dyes and their binary mixtures before and after the adsorption by
DAC and c-DAC, respectively.
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overall adsorption kinetics of CR onto cellulose adsorbents is
dominated by chemisorption, depending on adsorbent and
adsorbate.10,48 This also agrees with our hypothesis that both
Schiff’s base reaction and electrostatic interaction can happen,
where the dominant force can alternate between the electron
exchange or electron sharing between CR and cellulose.49

We note that the intraparticle diffusion model was also
applied to explore the dye diffusion process in the adsorption
study, with the results warranting some discussion. The
intraparticle diffusion process involves three consecutive
steps. Step 1 is relatively sharper, representing the rapid

external diffusion of the dye molecules from the bulk solution
onto the exterior surface of the adsorbent. Step 2 is an
intraparticle diffusion of the dye molecules into the pores of
the adsorbent. Step 3 indicates the sorption of the adsorbate
onto the active sites on the interior surface of the adsorbent.49

In Figure 7d, two linear segments with different slopes are
shown for both DAC and c-DAC, corresponding to step 2 (CR
molecules transport into the macropores of cellulose fibers)
and step 3 (dynamic adsorption−desorption equilibrium was
achieved), respectively.50 However, the expected steep step 1
was not observed in this plot (Figure 7d). This might be

Figure 7. (a) Time evolution of CR adsorption by DAC and c-DAC and the kinetic model fittings using (b) pseudo-first-order, (c) pseudo-second-
order, and (d) intraparticle diffusion models.

Table 3. Parameters of Different Kinetic Model Fittings for CR Adsorption onto DAC and c-DAC

kinetic model equation parameters DAC c-DAC

− − qe,exp (mg/g) 36.00 177.16
pseudo-first-order ln(qe − qt) = ln qe − K1t qe,1 (mg/g) 11.25 2.91

K1 7.44 × 10−3 1.99 × 10−3

R2 0.97 0.84

pseudo-second-order = +t
q q

t
K q

1 1

t e e2
2 qe,2 (mg/g) 35.44 175.65

K2 2.03 × 10−3 5.07 × 10−3

R2 0.999 1.000
intraparticle diffusion qt = Kid (t)0.5 + Ci step 2 Kid 1.28 0.51

Ci 20.43 169.80
R2 0.97 0.82

step 3 Kid 0.51 0.13
Ci 25.25 172.35
R2 0.95 0.83
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because the exterior diffusion of CR molecules occurred too
rapidly (less than 10 min), whereas the adsorption study did
not capture the initial step 1 stage. It was interesting to find
that all fitted lines’ intercepts were nonzero (Ci ≠ 0), indicating
that the intraparticle diffusion was not the rate-controlling step,
and the CR adsorption process on the cellulose surface could
be affected by multiple adsorption mechanisms.27

Effect of pH. The pH value of the solution is an important
variable affecting the charge of both cellulose adsorbent surface
and CR molecules. For this reason, the zeta potential values of
the adsorbents under different pH values were measured to
determine the optimum pH level for adsorption (the results
are shown in Figure 8). Generally, the surface charge of the

adsorbent and adsorbate depends on the protonation or
deprotonation of the functional groups.24 It has been reported
previously that the CR molecule typically has a pKa value of
4.5−5.5, indicating that CR is negatively charged when the pH
value is above 5.5 due to deprotonation.51 Figure 8b is the zeta
potential results for both DAC and c-DAC. In c-DAC, the
surface charge gradually decreased with the pH value but
remained positively charged until the pH value reached 10.5.
At pH 11, the zeta potential of c-DAC quickly dropped to a
negative value (−50.3 mV). The pH-resistant characteristics of
c-DAC can be attributed to the quaternary ammonium groups
(−N+(CH3)3) on its surface, which is positively charged and
relatively pH-independent. Consequently, the strong electro-
static attraction between CR and c-DAC dominated the
adsorption process at pH between 4−10, exhibiting the qe
value of 184.1 mg/g at pH 5.0. With the pH value increased to
11, c-DAC exhibited a charge reversal, resulting in a sharp
decrease of the CR adsorption value (Figure 8a). In contrast,

DAC’s adsorption behavior was less pH-dependent, exhibiting
only a slight fluctuation between 27.4 and 30.2 mg/g when the
pH value increased from 4 to 11. This is because the
adsorption mechanism of CR onto DAC is dominated by
Schiff’s base reaction, which is efficient at low pH (<4) and
exceptionally efficient at high pH conditions (>10) but not so
much in the tested pH range.52 It was noted that both DAC
and c-DAC still possessed appreciable CR adsorption values
under extreme alkalinity (i.e., pH 11−12). This indicates that
the electrostatic interaction and Schiff’s base reaction
mechanism are not the only adsorption mechanisms; the
potential adsorption processes through hydrogen bonding and
van der Waals force are also present.53

Effect of Initial Dye Concentration on Isotherm Study.
The effects of the initial CR concentration on the adsorption
performance by cellulose adsorbents are shown in Figure 9a. It
was observed that with the initial CR concentration being
increased from 50 to 2000 mg/L, the qe value of DAC
increased from 18.4 to 129.6 mg/g, while that of c-DAC
increased from 98.2 to 540.3 mg/g. This is expected since the
large concentration gradient of the adsorbate can increase the
mass transfer driving force in the system and result in a higher
qe value.54

To further analyze the adsorption of CR molecules on the
adsorbent (DAC or c-DAC) surface, three isotherm models
(Langmuir, Freundlich, and Temkin) were applied to fit the
equilibrium adsorption data. These models can be expressed
by eqs 10−12, respectively:55

Langmuir:

= +C
q

C
q K q

1ee

e max L max (10)

Freundlich:

= +q K
n

Clog log
1

loge F e (11)

Temkin:

= +q K Cln lne 1 T 1 e (12)

where Ce (mg/L) is the equilibrium CR concentration, qe
(mg/g) is the amount of the CR adsorbed at the equilibrium
concentration, qmax (mg/g) is the theoretical maximum
adsorption capacity of CR, KL (L mg−1) is the Langmuir
constant, KF (mg1−n Ln g−1) is the Freundlich constant, and 1/
n is the adsorption intensity; β1 (J/mol) is the Temkin
constant related to the heat of adsorption, and KT (L mg−1) is
the Temkin equilibrium binding constant. The plots of three
isotherm models’ linear fitting results are shown in Figure 9,
and the relevant parameters from these fits are also listed in
Table 4 (the isotherm data presented in this table were
calculated by the linear fitting).

According to the correlation coefficient values in Table 4, it
could be concluded that the DAC equilibrium adsorption data
was best fitted by the Langmuir model (R2 = 0.99), whereas
the c-DAC equilibrium data was best fitted by the Freundlich
model (R2 = 0.99). This was also seen in Figure 9, where the
experimental adsorption data of DAC and c-DAC could be
well described by the Langmuir model and Freundlich model,
respectively. Based on the assumptions for the Langmuir and
Freundlich isotherm models, it could be proposed that a
homogeneous distribution of CR onto the DAC surface was
formed by monolayer adsorption, whereas the adsorption of

Figure 8. (a) Effect of pH on the adsorption of CR onto DAC and c-
DAC adsorbents and (b) zeta potential of DAC and c-DAC
suspensions.
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CR onto the c-DAC surface might form a heterogeneous
coverage due to the uneven distribution of the cationic sites
(−N+(CH3)3) on the adsorbent’s surface.56 Furthermore, the
favorability of CR adsorption on both DAC and c-DAC could
be confirmed by the separation factor value (RL) of the
Langmuir model (0 < RL < 1) and the adsorption intensity
value (1/n) of the Freundlich model (0 < 1/n < 1).57 In

contrast, the relatively low correlation coefficient values using
the Temkin isotherm model indicated that the experimental
data do not follow this isotherm approach.

In this study, the CR maximum adsorption capacity qmax
determined by using the Langmuir model was found to be
154.8 and 540.5 mg/g for DAC and c-DAC, respectively, all
close to the experimental maximum adsorption values qmax,exp.

Figure 9. (a) Isotherm adsorption results of Congo red (CR) by DAC and c-DAC adsorbents and their correlations with three different isotherm
models (Langmuir, Freundlich, and Temkin). The Langmuir (b), Freundlich (c), and Temkin (d) isotherm models fittings of the isotherm
adsorption data.

Table 4. Parameters of Different Isotherm Model Fittings for Adsorption of CR on DAC and c-DAC

model equation parameters DAC c-DAC

− − qmax,exp (mg/g) 129.6 540.3

Langmuir = +C
q q

C
K q

1 1e

e max
e

L max
qmax (mg/g) 154.8 540.5

KL (L mg−1) 3.23 × 10−3 7.87 × 10−3

= +R
CL

1
1 KL 0

0.13−0.86 0.06−0.72

R2 0.99 0.98

Freundlich = +q K
n

Clog log
1

loge F e KF 3.15 94.90

1/n 0.52 0.23
R2 0.95 0.99

Temkin qe = β1 ln KT + β1 ln Ce β1 32.58 57.57
KT (L mg−1) 0.036 2.12
R2 0.98 0.91
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A comparison in terms of the qmax,exp values for DAC and c-
DAC with those from other cellulose-based adsorbents in
recently published studies is shown in Table 5. It was seen that

the c-DAC adsorbent exhibited a very high qmax value,
comparable to the best reported nanostructured cellulose-
based materials. Although the qmax value of DAC is lower than
that of c-DAC in this study, the demonstrated DAC sample is
still better than the epichlorohydrin cross-linked dialdehyde
cellulose sample which has a similar chemical structure.
Perhaps the difference is due to the higher surface area in
our DAC sample. The performance of c-DAC is lower than
that of some regenerated cellulose materials.48,58

Effect of Ionic Strength. In the textile industry, high
concentrations of varying inorganic salts (e.g., sodium chloride
and sodium sulfate) are often used as dyeing promoters.
Therefore, the effect of varying anionic ions (i.e., Cl−, SO4

2−,
and PO4

3−) on the adsorption performance of DAC and c-
DAC toward CR was investigated, and the results are shown in
Figure 10. It was interesting to find that when the salt
concentration increased from 0 to 0.3 M, the qe value of DAC
increased by about 5.9-fold (from 32.2 to 189.5−195.2 mg/g),
while that of c-DAC increased by about 1.5-fold (from 134.0 to

190.6−198.7 mg/g). Theoretically, when the electrostatic
interaction between the adsorbent surface and adsorbate
molecules is repulsive, an increase in the ionic strength can
improve adsorption performance. Conversely, if the electro-
static interaction between them is attractive, an increase in
ionic strength can decrease the adsorption performance.64 This
can explain the significant increase of the CR adsorption value
by negatively charged DAC. However, we note that the
electrostatic interaction between c-DAC and CR is attractive,
but no decrease in the adsorption performance was found
when the ionic strength was increased. According to
Alberghina et al.,65 the inclusion of the positive counterions
(gegenions) could decrease the mutual repulsive force between
dye molecules and promote dye−dye dimerization. Meanwhile,
in more concentrated solutions, the intermolecular forces
between the dye molecules (i.e., van der Waals force, ion−
dipole, and dipole−dipole interactions) would increase due to
the destruction of the hydration shell, thereby increasing the
dye aggregation.65 Tang and Al-Degs have also reported an
increase in dye adsorption value with increasing salt
concentration in the system.64,66

3.2.4. Desorption and Recyclability Study. The recycla-
bility of the c-DAC adsorbent for CR removal was estimated
through continuous cycling of the adsorption−desorption
process five times, and the results are shown in Figure 11a. As
c-DAC exhibited excellent adsorption capability in strong
alkalinity, the commonly used sodium hydroxide was not used
as a suitable desorption eluent here. Instead, a 1:1 ratio of
ethanol and 0.1 M NaOH mixture was used as an effective
desorption eluent to remove CR from c-DAC. However, the
desorption efficiency of CR was found to decrease from 71.9%
to 52.6% after five cycles, indicating some adsorption sites on
the c-DAC surface might have reacted with CR and formed
irreversible adsorption. Nevertheless, after five adsorption−
desorption cycles, the adsorption qe value of c-DAC was 62.5
mg/g, remaining at 86.9% of the initial adsorption qe value in
cycle 1 (72.0 mg/g). The decrease in the adsorption value may
be attributed to the loss of the adsorbent during washing and/
or incomplete desorption. Overall, this study indicates that c-
DAC can be effectively regenerated and reused for CR removal
from an aqueous solution and has considerable potential in
wastewater treatment applications.
3.2.5. Column Adsorption Study. In order to explore DAC

and c-DAC’s usage in a practical wastewater treatment setting,
a column adsorption study was carried out via a continuous
flow of dye solution through a fixed height column to estimate

Table 5. Comparison of the Maximum Adsorption
Capacities (qmax) of Different Functionalized Cellulose-
Based Adsorbents for Congo Red Removal

cellulose-based adsorbents
qmax

(mg/g) pH refs

epichlorohydrin cross-linked dialdehyde
cellulose

34.7 7 59

cellulose/chitosan hydrogel beads regenerated
from ionic liquid

40 4 60

poly(N,N-dimethylacrylamide-co-acrylamide)
grafted cellulose hydrogel

102.4 4.5 61

dialdehyde microfibrillated cellulose/chitosan
film

152.5 5.5 45

cellulose/chitosan aerogel 381.7 7 62
positive surfactant (CTAB) modified cellulose

nanocrystal
448.4 7.5 63

zwitterion moiety modified cellulose 541.8 6 23
imidazolium ionic liquid modified cellulose 563 7 22
regenerated cellulose-chitosan foam 1170.2 7.4 58
dialdehyde cellulose (DAC) 129.6 7 this

study
cationic dialdehyde cellulose modified by

Girard’s reagent T (c-DAC)
540.3 7 this

study

Figure 10. Effect of different salt concentration (NaCl, Na2SO4, and Na3PO4) on the equilibrium CR adsorption value by (a) DAC and (b) c-DAC
(C0 = 100 mg/L, pH 7).
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the dynamic adsorption performance of different adsorbents
for the CR removal. The breakthrough curves for the CR
removal by DAC and c-DAC are plotted in Figure 11b, and the
relevant parameters obtained in this study are listed in Table 6.

In this table, the breakthrough time tb and the exhaustion time
te represent the time at which Ct/C0 = 0.1 and 0.9, respectively.
It was seen that exhaustion occurred quickly in the DAC bed
(ca. 150 min), while the c-DAC bed possesses much longer te
(ca. 510 min). The removal efficiency (R) of DAC and c-DAC
bed for CR was 24.3% and 48.7%, respectively. It is believed
that the column bed removal efficiency could be enhanced by
increasing the bed height and/or decreasing the flow rate and
the initial dye concentration.33 A detailed study regarding the
effects of column setup conditions on the dynamic dye removal
efficiency will be conducted in the future. The preliminary
column study confirmed the rapid interaction between CR and
c-DAC due to the abundant active sites on the c-DAC surface.
The study further indicated that c-DAC can be used as a
potential biosorbent for removal of CR and other anionic dyes
with the fixed-bed column format in a practical setting.

4. CONCLUSIONS
Anionic and cationic dialdehyde nanostructured cellulose
adsorbents (DAC and c-DAC) were successfully prepared
and examined for removal or separation of different organic
dyes through the adsorption process. The physical and
chemical properties of DAC and c-DAC were characterized
by FT-IR, 13C NMR, WAXD, BET surface areas, SEM, TEM,
CNS elemental analysis, and zeta potential measurements.
DAC exhibited superior adsorption capability toward cationic
dyes (BBY and BCB), while c-DAC showed superior
adsorption capability toward anionic dyes (CR, AG25, ABM,
and ARS). Both DAC and c-DAC could be used to separate
the high-affinity dyes of opposite charges in binary mixtures.
The good adsorption capability toward different dyes can be
attributed to two main driving forces between the modified
cellulose surface and the dye molecules: (1) the covalent bond
formation between the aldehyde groups on cellulose and the
amino groups on dyes (through Schiff’s base reaction) and (2)
electrostatic interaction. The effects of contact time, initial pH,

ionic strength, and initial dye concentration on the CR
(containing both cationic amino and anionic sulfonate groups)
adsorption were investigated systematically. The results
showed that both DAC and c-DAC could adsorb CR well
even under strong alkalinity or at high salt concentrations, with
the maximum adsorption capacity of 129.6 and 540.3 mg/g,
respectively, which are comparable to many of the best
nanocellulose-based adsorbents in the literature. The adsorp-
tion kinetic data from both DAC and c-DAC could be
described well by the pseudo-second-order kinetic model, but
the equilibrium adsorption results for DAC and c-DAC were
found to be fitted best using Langmuir and Freundlich
isotherm models, respectively, perhaps due to the difference in
functionality distribution on the cellulose surface. Finally, c-
DAC exhibited decent recyclability (using five-cycle testing)
and showed good performance using the column adsorption
test, indicating that members of this family of nanocellulose
adsorbents are promising candidates for effective dye removal
or separation in treating industrial wastewater.
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Phys. Chem. 1907, 57U (1), 385−470. Temkin, M. Kinetics of
ammonia synthesis on promoted iron catalysts. Acta physiochim. URSS
1940, 12, 327−356.

(56) Zhong, Q. Q.; Yue, Q. Y.; Li, Q.; Gao, B. Y.; Xu, X. Removal of
Cu(II) and Cr(VI) from wastewater by an amphoteric sorbent based
on cellulose-rich biomass. Carbohydr. Polym. 2014, 111, 788−796.

(57) Abouzeid, R. E.; Khiari, R.; El-Wakil, N.; Dufresne, A. Current
State and New Trends in the Use of Cellulose Nanomaterials for
Wastewater Treatment. Biomacromolecules 2019, 20 (2), 573−597.

(58) Kim, U.-J.; Kim, D.; You, J.; Choi, J. W.; Kimura, S.; Wada, M.
Preparation of cellulose-chitosan foams using an aqueous lithium
bromide solution and their adsorption ability for Congo red. Cellulose
2018, 25 (4), 2615−2628.

(59) Kumari, S.; Mankotia, D.; Chauhan, G. S. Crosslinked cellulose
dialdehyde for Congo red removal from its aqueous solutions. J.
Environ. Chem. Eng. 2016, 4 (1), 1126−1136.

(60) Li, M.; Wang, Z.; Li, B. Adsorption behaviour of congo red by
cellulose/chitosan hydrogel beads regenerated from ionic liquid.
Desalination and Water Treatment 2015, 1−11.

(61) Jana, S.; Pradhan, S. S.; Tripathy, T. Poly(N,N-dimethylacry-
lamide-co-acrylamide) Grafted Hydroxyethyl Cellulose Hydrogel: A
Useful Congo Red Dye Remover. J. Polym. Environ. 2018, 26 (7),
2730−2747.

(62) Wang, Y.; Wang, H.; Peng, H.; Wang, Z.; Wu, J.; Liu, Z. Dye
Adsorption from Aqueous Solution by Cellulose/Chitosan Compo-

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07839
ACS Omega 2023, 8, 8634−8649

8648

https://doi.org/10.1016/j.carbpol.2011.04.046
https://doi.org/10.1021/acssuschemeng.9b06683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b06683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/02773813.2013.783076
https://doi.org/10.1080/02773813.2013.783076
https://doi.org/10.1016/S0144-8617(97)00046-5
https://doi.org/10.1016/S0144-8617(97)00046-5
https://doi.org/10.1186/1754-6834-3-10
https://doi.org/10.1186/1754-6834-3-10
https://doi.org/10.1021/bm700769p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm700769p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7NR05615J
https://doi.org/10.1039/C7NR05615J
https://doi.org/10.1021/acssuschemeng.7b00472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b00472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b00472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b00472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfa.2013.05.045
https://doi.org/10.1016/j.colsurfa.2013.05.045
https://doi.org/10.1016/j.apsusc.2013.05.065
https://doi.org/10.1016/j.apsusc.2013.05.065
https://doi.org/10.1016/j.apsusc.2013.05.065
https://doi.org/10.1016/j.carbpol.2012.05.027
https://doi.org/10.1016/j.carbpol.2012.05.027
https://doi.org/10.1016/j.carbpol.2011.08.005
https://doi.org/10.1016/j.carbpol.2011.08.005
https://doi.org/10.1016/j.molstruc.2007.01.054
https://doi.org/10.1016/j.molstruc.2007.01.054
https://doi.org/10.1016/j.molstruc.2007.01.054
https://doi.org/10.1007/s10570-016-0902-5
https://doi.org/10.1007/s10570-016-0902-5
https://doi.org/10.1016/j.eurpolymj.2015.06.019
https://doi.org/10.1016/j.eurpolymj.2015.06.019
https://doi.org/10.1021/bm0000337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10570-013-0030-4
https://doi.org/10.1007/s10570-013-0030-4
https://doi.org/10.1007/s10570-015-0575-5
https://doi.org/10.1007/s10570-015-0575-5
https://doi.org/10.1007/s10570-015-0575-5
https://doi.org/10.1023/B:CELL.0000014768.28924.0c
https://doi.org/10.1023/B:CELL.0000014768.28924.0c
https://doi.org/10.2147/IJN.S84452
https://doi.org/10.2147/IJN.S84452
https://doi.org/10.2147/IJN.S84452
https://doi.org/10.1016/j.ijbiomac.2017.08.169
https://doi.org/10.1016/j.ijbiomac.2017.08.169
https://doi.org/10.1016/j.ijbiomac.2017.08.169
https://doi.org/10.1016/j.carbpol.2019.115631
https://doi.org/10.1016/j.carbpol.2019.115631
https://doi.org/10.1016/S0032-9592(98)00112-5
https://doi.org/10.1016/S0032-9592(98)00112-5
https://doi.org/10.1061/JSEDAI.0000430
https://doi.org/10.1016/j.carbpol.2019.03.058
https://doi.org/10.1016/j.carbpol.2019.03.058
https://doi.org/10.1016/j.carbpol.2019.03.058
https://doi.org/10.1016/j.cej.2014.04.034
https://doi.org/10.1016/j.cej.2014.04.034
https://doi.org/10.1016/j.cej.2014.04.034
https://doi.org/10.1016/j.cej.2014.04.034
https://doi.org/10.1016/j.jcis.2017.09.055
https://doi.org/10.1016/j.jcis.2017.09.055
https://doi.org/10.1016/j.jcis.2017.09.055
https://doi.org/10.1021/acssuschemeng.5b00652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4RA06806H
https://doi.org/10.1039/C4RA06806H
https://doi.org/10.1016/j.ijbiomac.2015.09.059
https://doi.org/10.1016/j.ijbiomac.2015.09.059
https://doi.org/10.1016/j.ijbiomac.2015.09.059
https://doi.org/10.1016/j.jhazmat.2009.09.138
https://doi.org/10.1016/j.jhazmat.2009.09.138
https://doi.org/10.1021/ja02242a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja02242a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1016/j.carbpol.2014.05.043
https://doi.org/10.1016/j.carbpol.2014.05.043
https://doi.org/10.1016/j.carbpol.2014.05.043
https://doi.org/10.1021/acs.biomac.8b00839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.8b00839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.8b00839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10570-018-1742-2
https://doi.org/10.1007/s10570-018-1742-2
https://doi.org/10.1016/j.jece.2016.01.008
https://doi.org/10.1016/j.jece.2016.01.008
https://doi.org/10.1080/19443994.2015.1082945
https://doi.org/10.1080/19443994.2015.1082945
https://doi.org/10.1007/s10924-017-1168-1
https://doi.org/10.1007/s10924-017-1168-1
https://doi.org/10.1007/s10924-017-1168-1
https://doi.org/10.1007/s12221-018-7520-9
https://doi.org/10.1007/s12221-018-7520-9
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


site: Equilibrium, Kinetics, and Thermodynamics. Fibers Polym. 2018,
19 (2), 340−349.

(63) Ranjbar, D.; Raeiszadeh, M.; Lewis, L.; MacLachlan, M. J.;
Hatzikiriakos, S. G. Adsorptive removal of Congo red by surfactant
modified cellulose nanocrystals: a kinetic, equilibrium, and mecha-
nistic investigation. Cellulose 2020, 27 (6), 3211−3232.

(64) Aldegs, Y.; Elbarghouthi, M.; Elsheikh, A.; Walker, G. Effect of
solution pH, ionic strength, and temperature on adsorption behavior
of reactive dyes on activated carbon. Dyes Pigm. 2008, 77 (1), 16−23.

(65) Alberghina, G.; Bianchini, R.; Fichera, M.; Fisichella, S.
Dimerization of Cibacron Blue F3GA and other dyes: influence of
salts and temperature. Dyes Pigm. 2000, 46 (3), 129−137.

(66) Tang, J.; Zhang, Y.-F.; Liu, Y.; Li, Y.; Hu, H. Efficient ion-
enhanced adsorption of congo red on polyacrolein from aqueous
solution: Experiments, characterization and mechanism studies. Sep.
Purif. Technol. 2020, 252, 117445.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07839
ACS Omega 2023, 8, 8634−8649

8649

https://doi.org/10.1007/s12221-018-7520-9
https://doi.org/10.1007/s10570-020-03021-z
https://doi.org/10.1007/s10570-020-03021-z
https://doi.org/10.1007/s10570-020-03021-z
https://doi.org/10.1016/j.dyepig.2007.03.001
https://doi.org/10.1016/j.dyepig.2007.03.001
https://doi.org/10.1016/j.dyepig.2007.03.001
https://doi.org/10.1016/S0143-7208(00)00045-0
https://doi.org/10.1016/S0143-7208(00)00045-0
https://doi.org/10.1016/j.seppur.2020.117445
https://doi.org/10.1016/j.seppur.2020.117445
https://doi.org/10.1016/j.seppur.2020.117445
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

