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Abstract
The presence of dyes in wastewater streams poses a great challenge for sustainability and brings the need to develop technologies to
treat effluent streams. Here, we propose a mixture of high superficial area carbon-based nanomaterial strategy to improve the removal
of basic blue 26 (BB26) by blending porous carbon nitride (CN) and graphene oxide (GO).We preparedCN andGOpristinematerials,
as well the nanocomposites with mass/ratio 30/70, 50/50, and 70/30, and applied them into BB26 uptake. Nanocomposite 50/50 CN/
GO was found to be the better adsorbent, and the optimization of the adsorption revealed a fast equilibrium time of 30 min, after
sonication for 2 min, nanocomposite 50/50, and BB26 dye loading of 0.1 g/L and 100 mg/L, respectively. The pH variation had great
influence on BB26 uptake, and at ultrapure water pH, the dye removal capacity by the composite reached 917.78 mg/g. At pH 2, a
remarkable removal efficiency of 3510.10 mg/g was obtained, probably due to electrostatic interactions among protonated amine
groups of the dye and negatively charged CN/GO nanocomposite. The results obtained were best fitted to the pseudo-second-order
kinetic model and the Dubinin–Radushkevich isotherm. The adsorption process was thermodynamically spontaneous, and
physisorption was the main mechanism, which is based on weak electrostatic and π–π interactions. The dye attached to the CN/GO
nanocomposite could be removed by washing with ethyl alcohol, and the adsorbent was reused for five consecutive cycles with high
BB26 uptake efficiency. The CN/GO nanocomposite ability to remove the BB26 dye was 21 times higher than those reported in the
literature, indicating CN/GO composites as potential filtering materials to basic dyes.
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Introduction

Synthetic cationic dyes based on triphenylmethane are widely
used in various industries such as tanning, paper and cellulose,
ink, textiles, food, cosmetics, and pharmaceuticals. The waste-
water of these industrial processes has a high load of this class
of dyes (Gupta and Suhas 2009; Chen et al. 2016), which
currently gain prominence as an environmental pollutant for
being considered toxic to aquatic life (Chen et al. 2010; Ding
et al. 2012; Belpaire et al. 2015). In addition, dyes absorb and
reflect sunlight, interfering directly in bacterial growth and the
photosynthesis process of aquatic plants, resulting in a lower
rate of water oxygenation and limiting biological degradation
of impurities in water (Allen et al. 2004).

Basic blue 26 (BB26—Fig. 1) belongs to the class of cat-
ionic triphenylmethane dyes. These compounds are character-
ized by the presence of the chromogen group that has phenyl
groups bound by the central carbon atom (Przystas et al.
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2012), being thus a complex molecular structure of hard deg-
radation (Rai et al. 2005). Several studies have been dedicated
to the removal of triphenylmethane dyes in wastewater
through adsorption (Pei et al. 2016), flocculation (Penner
and Lagaly 2000), photocatalysis (Roushani et al. 2015), and
biodegradation (Chen et al. 2016). Adsorption studies for
BB26 removal were described using several materials
(Khare et al. 1987; Kumar et al. 2013; Anirudhan et al.
2014; Kataria et al. 2016; de Souza et al. 2018, 2019) in which
the best result was achieved with zinc oxide nanoparticles and
163 mg/g of removal capacity (Kataria et al. 2016). However,
all these studies had drawbacks such as long removal times
and low rates of reuse.

The materials used for adsorption have specific character-
istics, such as high surface area and chemical stability (Lee
et al. 2015; Xu et al. 2016; Zhao et al. 2016). Carbon nitride
(CN)– and graphene oxide (GO)–based composites are viable
options for this purpose. GO can be obtained by oxidizing
natural graphite, an abundant and inexpensive material;
graphene derivatives in general have high adsorption capacity
and fast equilibrium rates associated with a wide range of pH
and temperature, which is responsible for nanostructure and
high energy conductivity (Prediger et al. 2018). CN can be
obtained by thermal treatment of urea or cyanamide under
inert atmosphere, and this treatment leads to the formation of
a low surface area CN—for this reason, a hard-template meth-
odology is used to increase the surface area of carbon nitride
and to introduce pores (Zhang et al. 2013; Oliveira et al.
2020). This material has high physical and chemical stability
and low toxicity (Xu et al. 2019). It also has an excellent
response to visible light and has been used as a catalytic ma-
terial for several processes. In the literature, few examples of
mesoporous CN have been applied for adsorption of pollut-
ants in water, and its usage for pollutant adsorption is still
incipient (Shi et al. 2020; Tian et al. 2020; Yi et al. 2020).

To enhance some properties such as surface area, porosity,
photocatalytic activity, dispersion, and specific anchoring
sites, nanocomposites based on CN/GO have been prepared
and applied to detect pesticides (Xiao et al. 2020) and drugs
(Hu et al. 2018), and degradation of organic pollutants (Joseph
et al. 2019). There are few reports in the literature that describe
the use of CN/GO composites in pollutant adsorption from
water, and usually, adsorption is accompanied by

photocatalytic degradation (Xu et al. 2019). Recently, Li
et al. described the preparation of S-doped CN/GO nanocom-
posites and its evaluation as adsorbent of mercury ions (Li
et al. 2020). The CN/GO composite characterization revealed
a porous three-dimensional adsorbent that showed high Hg2+

removal and low toxicity, suggesting CN/GO composites as a
potential candidate for environmental applications.

In this study, porous CN and GO were synthesized and
further combined to generate new nanocomposites (CN/GO
mass ratio 30/70, 50/50, 70/30) that had the best characteris-
tics of each material, resulting in a material with greater effi-
ciency for the removal of basic dye in water. Thus, the gener-
ated materials were characterized and applied to BB26 remov-
al. The sorption process was assessed by varying the propor-
tions of pristinematerials in the nanocomposites, as well as the
variation of pH, temperature, contact time, sonication irradia-
tion, and adsorbent/dye concentration. We also analyzed ad-
sorption kinetics, isotherms, thermodynamic parameters, and
recycling to study the adsorption characteristics and mecha-
nisms of interactions between BB26 dye and porous CN/GO
nanocomposites. To the best of our knowledge, it is the first
time that a dye adsorption process has been studied and opti-
mized using CN/GO nanocomposites as adsorbents.

Materials and methods

Chemical reagents

The natural graphite powder was obtained from Nacional de
Grafite LTDA (code: Micrograf 99507 UJ). Potassium per-
manganate (KMnO4), potassium sulfate (K2SO4), and sodium
nitrate (NaNO3) were purchased from Acros Organics (Geel,
Belgium); concentrated sulfuric acid (H2SO4, 98%), hydro-
chloric acid (HCl, 37%), and ethanol (C2H5OH, 99.5%) were
purchased from Labsynth (Diadema, SP, Brazil); hydrogen
peroxide (H2O2, 30%), HS-40 solution (40 wt% in H2O),
cyanamide (99%), and phosphorus pentoxide (P2O5) were
purchased from Sigma-Aldrich (Milwaukee, WI, USA).
Ammonium-bifluoride (97%) was obtained from VWR
Chemicals. BB26 dye was acquired by Danny Color
Corantes (São Paulo, SP, Brazil).

Graphene oxide synthesis

GO was synthesized by successive chemical reactions,
starting with graphite pre-oxidation (de Figueiredo Neves
et al. 2020b, a). Thus, 20 g of graphite was oxidized using
120 mL of concentrated H2SO4, 10 g of K2SO4, and 10 g of
P2O5 for 6 h at 353 K. The crude product was slowly added in
ultrapure water (1 L) under an ice bath. Subsequently, the
crude product was submitted to vacuum filtration and washed
with ultrapure water until pH 6.

Fig. 1 Chemical structure of the basic blue 26 dye
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Then, the pre-oxidized graphite was dried and the GO syn-
thesis followed the modified Hummers protocol (Hummers
and Offeman 1958). Into an Erlenmeyer flask, under magnetic
stirring and ice bath, pre-oxidized graphite and 500 mL of
concentrated H2SO4 were added. Then, 10 g of sodium nitrate
(NaNO3) was slowly added to the reaction mixture, as well as
60 g of potassium permanganate (KMnO4). The reaction was
controlled so the temperature did not exceed 313 K.
Afterwards, the reaction mixture was maintained under mag-
netic stirring and ice bath for 1 h, and after that, the stirring
was thenmaintained for 7 days at room temperature. Thus, the
reaction was cooled by using an ice bath and ultrapure water
was slowly added (2 L). Then, 100 mL of hydrogen peroxide
aqueous solution (H2O2, 3% v/v) was added drop by drop.
The crude product was heated at 373 K for 30 min.
Immediately after heating, the crude product was submitted
to vacuum filtration and washed with a solution containing
3% sulfuric acid and 0.5% hydrogen peroxide (10 L).
Continuing the washing step, a 10% HCl aqueous solution
(20 L) was used followed by ultrapure water until pH 5 was
reached.

Porous CN synthesis

For the synthesis of this porous carbon nitride, silica nanopar-
ticles (HS-40) were used as a template. One gram of cyana-
mide was dissolved in methanol (7.0 mL); subsequently, this
solution was added into a 100-mL round-bottom flask con-
taining 1 g of silica. The solvents were removed by the use of

rotatory evaporator, and the obtained powder was then calci-
nated for 6 h at 823 K under an argon atmosphere. A solution
of ammonium-bifluoride (50 mL, 4 M) was then added to the
obtained light-yellow powder, and the system was stirred for
24 h. After the silica removal, the solid was filtered and
washed with water (500 mL) and ethanol (1 × 100 mL). The
solid was then dried at 353 K for 24 h.

Preparation of GO- and CN-based nanocomposites

The CN/GO nanocomposites were prepared by varying the
loading of the constituents (mass ratio 30/70, 50/50, and 70/
30). In this regard, GO dispersed in water and previously
stirred for 30 min at room temperature was used. The appro-
priate amount of CN also dispersed in water at room temper-
ature was sonicated for 10 min. Subsequently, CN suspension
was added to the GO and it was sonicated for 30 min. The
suspension obtained was stored in a refrigerator to be used
later. In Fig. 2, it is presented the protocol for obtaining the
nanocomposites based on GO and CN.

Characterization

The materials were characterized by using atomic force mi-
croscopy (AFM), through the Analysis NanoIR2-s equipment,
using 512 × 512 resolution and image treatment with the
Gwyddion software. To the pristine materials, it was extracted
a profile to calculate the thickness and width. Infrared spec-
troscopy with Fourier transformation (FTIR) was made by

Fig. 2 CN/GO nanocomposite preparation

3388 Environ Sci Pollut Res  (2021) 28:3386–3405



using a FTIR Agilent - Cary 360 equipment, in a range of 400
to 4000 cm−1, and the KBr method. Raman spectroscopy was
performed through a confocal Horiba Jobin Yvon T6400
equipment with a CCD detector and Olympus BX41 micros-
copy, in a range of 200 to 3300 cm−1, resolution of 1 cm−1;
n°1 filter; and laser at 532 nm with a potency of 1 mW. The
materials were analyzed through X-ray diffraction (XRD)
through Panalytical model X’Pert Powder XRD, in a range
of 5 to 100° and operation at 40 kV and 30 mA. The morphol-
ogy and sizes of GO and CN were determined with LEO
electron microscopy model Leo 440i. Scanning electron mi-
croscopy (SEM) samples were prepared by placing a suspen-
sion drop onto a silicon wafer and being dried under high
vacuum. The Brunauer–Emmett–Teller (BET) surface area
of GO, CN, and nanocomposites was assessed via nitrogen
adsorption experiments. Nitrogen physisorption measure-
ments were performed at 77 K using a Quantachrome model
NOVA 4200e. The samples were dried before measurement
under vacuum at 140 °C for at least 12 h. Transmission elec-
tron microscopy (TEM) images were obtained from a FEI
Tecnai G2 20 STWIN microscope at an operating voltage of
200 kV.

Adsorption experiments

The adsorption experiments were performed in triplicate using
up to 0.75 mL of the material suspension. The adsorbent was
sonicated before each adsorption experiment, except for the
sonication time optimization. The BB26 dye solution (up to
4.25 mL) was added to the beaker, and the mixture was stirred
at 150 rpm on a thermo-regulated oscillatory shaker for 30
min, and the aliquots were removed to study the adsorption
effect. Subsequently, the collected aliquots were centrifuged
and the supernatant was analyzed using a GBC Cintra 6 spec-
trophotometer at a maximum absorbance of 620 nm.

The parameters that affect the adsorption process were in-
vestigated: pH (2–10), temperature (298–328 K), sonication
time (0–90 min), nanomaterial concentration (0.05–0.4 g/L),
and time (0.5–480 min). All the experiments were carried out
in ultrapure water natural pH; when necessary, pH adjust-
ments were performed with the addition of HCl and NaOH
solutions. The adsorption capacity of the BB26 onto pristine
GO or CN and CN/GO nanocomposites and the removal ef-
ficiency were calculated using Eq. 1 and Eq. 2 (Al-Zboon
2018):

qe ¼ Co−Ceð Þ: V
m

ð1Þ

Removal efficiency %ð Þ ¼ Co−Ceð Þ
Co

:100 ð2Þ

qe is the amount of dye adsorbed onto by the amount of the
adsorbent (mg/g), Co and Ce are the BB26 dye concentrations

before and after the experiment (mg/L), V is the total volume
of the experiment (L), and m is the mass of the adsorbent (g).

The recycling experiments were performed as follows: the
first adsorption cycle was performed with 20 mL of CN/GO
(0.2 g/L) and BB26 (180 mL, 100 mg/L). The adsorption tests
were performed at pH 2 at room temperature. The CN/GO
loaded with BB26 was recovered after each adsorption pro-
cess. The nanocomposite/BB26 loaded was centrifuged at
3500 rpm for 15 min, and the supernatant was removed using
micropipettes.

The recovered CN/GO was first carefully washed with
ultrapure water, centrifuged, and the aqueous phase re-
moved in a rotatory evaporator. The obtained solid was
then washed with ethanol, centrifuged, and the aqueous
phase removed with micropipette. The washing with eth-
anol was performed twice. The solid obtained was dried at
318 K and then used in the adsorption process. The
recycling and desorption experiments were performed in
triplicate.

The kinetic and isothermal parameters were determined by
using the add-in Solver from Microsoft sheets.

Results and discussions

CN/GO composite characterization

Brunauer–Emmett–Teller

The N2 physisorption analyses at 77 K were performed to
get information about the specific surface area of CN, GO,
and related nanocomposites. The data obtained for the BET
specific surface area of CN was 200.3 m2/g, and the pore
volume was 0.88 cm3/g, being these values in the same
magnitude of porous carbon nitride previously reported
(Wang et al. 2018; Burrow et al. 2020). Pristine GO had
a superficial area of 213.0 m2/g, which is similar to those
previously reported (Prediger et al. 2018). The BET sur-
face area for 30/70, 50/50, and 70/30 CN/GO nanocom-
posites were 96.9, 89.7, 110.6 m2/g, respectively.
Considering that the validity of the simplifying assumption
is frequently within the variation of surface area measure-
ments—± 10% for different materials (Sing et al. 1985)—
the nanocomposites showed similar results and no relevant
difference between the measured surface areas. The
obtained surface area for CN/GO nanocomposites was sim-
ilar to those reported by Svoboda et al. (2019) to CN/GO
(mass/ratio 20/80, 33/67, 50/50, and 75/25). The BET sur-
face area obtained from GO and composites is much lower
than the theoretical values for isolated particles and
graphene sheets. This might be due to overlapping and
coalescing of these materials during the drying process.
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Fourier-transform infrared spectroscopy

Chemical groups in the pristine materials and nanocomposites
were analyzed by using FTIR, and the obtained spectra are
shown in Fig. 3. CN spectrum shows bands at 807 cm−1,
which belongs to the tri-s-triazine groups (triazine ring) and
is the most characteristic CN peak. The bands at 1255 cm−1,
1324 cm−1, 1424 cm−1, 1575 cm−1, and 1631 cm−1 indicate
the presence of aromatic heterocycles. The band at 2175 cm−1

confirms the presence of residual cyanide groups (Desipio
et al. 2019), and the bands at 3181 cm−1 and 3342 cm−1 are
due to NH and OH bond stretching (N–H, O–H) (Wan et al.
2019). In relation to the GO spectrum, we noted bands at 1076
cm−1 and 1387 cm−1, which refer to C–O and C–OH
stretching bonds. The bands at 1628 cm−1 and 1728 cm−1

are assigned to C=C and C=O stretching vibration bonds,
respectively, while those at 3441 cm−1 are associated with
hydrogen bonds (O–H) (Gao et al. 2016; Luo et al. 2019). In
the nanocomposite spectra, the band at 1728 cm−1 (C=O) and
1076 cm−1 (C–O) that referred to the GO spectrum and bands
at 2175 cm−1 (residual cyanide groups) and 1575 cm−1 (aro-
matic heterocycles) that referred to the CN spectrum are ab-
sent. We can find peaks at 1631 cm−1, 1425 cm−1, 1321 cm−1,
1255 cm−1, and 807 cm−1. These indicate that the composites
carry characteristics of both pristine materials.

Raman spectroscopy

Material structure and disorders in the graphene structure
formed by sp2-hybridized carbon atoms arranged in a crystal-
line honeycomb lattice were analyzed through Raman spec-
troscopy, and the spectra of GO and nanocomposite CN/GO
(30/70, 50/50, 70/30) are shown in Fig. 4. In all the spectra, it
was verified the bands at 1348 cm−1 and 1590 cm−1, which are
associated with the D and G bands, respectively. The D band
indicates the defects in the carbon plan, and the G band refers
to the carbon stretching (Zhang et al. 2014b). With the D and

G band intensity, we calculated the ID/IG index for each ma-
terial. All the ID/IG ratios obtained were similar, indicating that
the generation of the CN/GO nanocomposites had not
changed its structure or caused an increment in disorder.
Pristine CN could not be analyzed because of its fluorescence
under the applied conditions (Hernández-Torres et al. 2016).

X-ray diffraction

Material structure and its crystallography were analyzed by
XRD, whose patterns were used for phase identification of
the crystalline material. The obtained XRD patterns of CN,
GO, and nanocomposite CN/GO (30/70, 50/50, and 70/30)
are shown in Fig. 5. Concerning the CN pattern, we highlight-
ed two peaks at 12.2° (100) and 27.5° (002), which indicate
the presence of an in-plane tri-s-triazine framework parallel to
the c-axis and periodic graphitic layers along the c-axis, re-
spectively (Chen et al. 2015; Gao et al. 2016). The GO pattern
shows a peak at 10.7° (002), which was applied in Bragg’s
law to calculate the interlayer distance. This distance was 0.82
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nm, which is similar to the value observed by Zhang et al.
(2014b). Regarding nanocomposite’s patterns, we observed
peaks at 11.92°, a value near the peak verified in the precur-
sor’s pattern, GO (10.7°) and porous CN (12.2°). The 11.92°
peak is sharper than those seen in the CN pattern; however, it
is less intense than that verified in GO. In the XRD pattern of
the CN/GO composites 70/30 and 50/50, which have superior
CN content, we found peaks at 27.5° and 26.6°, respectively.
These peaks correspond to the crystallographic plan 002 of the
pristine CN material. When compared with the CN pattern,
these peaks are wider and less intense (Guo et al. 2016).

Scanning electron microscopy

We analyzed the morphology of pristine CN and GO and
nanocomposites with SEM microscopic tools, and the obtain-
ed images are presented in Fig. 6. The SEM image of GO (Fig.
6a) shows an agglomerate of packed lamellar structures indi-
cating the multilayered nanosheets. The CN image (Fig. 6b)
reveals that CN has a non-specific morphology with a broad
particle size distribution. Figure 6c–e refer to the SEM images
of the CN/GO nanocomposites (30/70, 50/50, 70/30). Both
pristine materials could be verified in the composite images,

and, in most cases, we could observe the GO nanosheets
interacting with the CN porous structures.

Atomic force microscopy and transmission electron
microscopy

TEM images of pristine CN and GO are shown in Fig. 7.
These images (Fig. 7b and c) present a porous structure of
the synthesized carbon nitride, where the pores have the same
range of size of the silica particles, suggesting the formation of
a 3D porous structure as shown in the scheme (Fig. 7a).
Figure 7d shows a typical image of a GO nanosheet.

Pristine GO and nanocomposite material morphology were
analyzed through AFM (Fig. 8). Pristine GO (Fig. 8a) is
shown as monolayer nanosheets, and the AFM profile (Fig.
8b) indicates a width of 1.41 μm and thickness of 0.87 nm, as
it is expected for this material and reported in the literature
(Hummers and Offeman 1958; Eftekhari and Fan 2017).
Concerning the CN/GO nanocomposites, the AFM image
(Fig. 8c–e) revealed the presence of both pristine materials.
Some CN particles (bright round particles) are attached to GO,
indicating the presence of interactions between the materials.
Figure 8f shows the images of diluted aqueous suspensions of

Fig. 6 SEM microcopies of a pristine GO; b pristine CN; and CN/GO nanocomposites c 30/70, d 50/50, e 70/30
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composites CN/GO 30/70, 50/50, and 70/30, indicating that
the higher the CN content, the more opaque the suspension is.

Optimization of the BB26 dye adsorption process

Effect of the BB26 dye concentration and the proportion
variance of the materials

At the beginning of the optimization, all the three nanocom-
posites and pristine materials were evaluated as potential ad-
sorbents of the basic dye removal from water. For this pur-
pose, the experiments were carried out with BB26 at the con-
centration of 200 mg/L and 0.05 g/L of adsorbent dose. The
contact time of the adsorption process was 30 min.

Figure 9 shows that when pristine CN and GOwere used as
adsorbent, lower removal efficiencies were reached: 251 mg/g
(63%) and 366 mg/g (91%), respectively. When the nanocom-
posites containing higher GO loading (CN/GO 30/70 and 50/
50) were used, the maximum percentage removal (99%) and a
superior removal capacity were observed, 398 and 390 mg/g,
respectively. The nanocomposite 70/30 had lower

performance (370 mg/g—91%). These results are probably
due to the improvement in the adsorbent structure caused by
the presence of highly porous CN and flat GO nanosheets.
The 3D CN adsorbent provides a fair possibility for BB26
dye to be adsorbed. The combination of the two materials
provided the dye to interact with the adsorbent by electrostatic
and π–π interactions.

Overall, CN/GO nanocomposites had better results than
pristine materials. The nanocomposite chosen for the optimi-
zation process was the 50/50 CN/GO, since this adsorbent
furnished an excellent BB26 dye uptake and it is formed by
equal proportion of the pristine materials. The qe obtained and
the percentage removal of the BB26 dye are great results when
compared with other sorbent materials (Anirudhan et al. 2014;
Liu et al. 2019), suggesting that these nanocomposites are
potential filtering agents of basic dyes.

Effect of contact time

The contact time is a crucial factor for dye removal due
to the physical and chemical interactions between

Fig. 7 a Scheme of mesoporous carbon nitride preparation. b, c TEM images of porous CN. d TEM image of GO
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sorbent and sorbate. BB26 sorption experiments onto
CN/GO (50/50) nanocomposite were carried out in trip-
licate in the range from 0 to 480 min (Fig. 10). The
BB26 dye concentration was reduced to 100 mg/L with
the purpose of optimizing the contact time, since the
tests with 200 mg/L achieved the maximum in
efficiency.

The BB26 uptake efficiency by the nanocomposite CN/GO
50/50 was measured in the initial 30 s, and the value obtained
was 156 mg/g (81%). After that, until 30 min, the qt (sorption
capacity in time) presented a small increase and it stabilized at
169mg/g (88%). After 30min, the qt showed a slight variation
(171–181 mg/g), indicating rapid interactions between adsor-
bent and adsorbate, which confer to the system a shorter

c d

e

30/70 50/50 70/30

f

a b
Fig. 8 a AFM images of pristine
GO with a resolution of 5 μm × 5
μm. b The height profile of the
AFM image. c CN/GO (30/70)
image with a resolution of 8 μm ×
8 μm. d CN/GO (50/50) and e
CN/GO (70/30) both with resolu-
tion of 5 μm × 5 μm. f Images of
diluted aqueous suspensions of
the nanocomposites CN/GO 30/
70, 50/50, and 70/30
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equilibrium time when compared with other adsorbents
(Alkan and Gan 2002). The contact time of 30 min was con-
sidered the optimized time for the BB26 removal by the CN/
GO nanocomposite.

Variation in the adsorbent dose

The variation of the nanocomposite CN/GO 50/50 concentra-
tion was evaluated in the range of 0.05–0.4 g/L (Fig. 11). The
increase in concentration improved the BB26 removal effi-
ciency due to the greater availability of sites for adsorption
in the CN/GO nanocomposite.

When the adsorbent dose was 0.05 g/L, we observed a
greater qe (699 mg/g). The adsorbent dose of 0.3 and 0.4 g/L
removed 99% of the BB26 dye; however, low qe was ob-
served (339 and 244 mg/g, respectively). It is important to
mention that the concentration of 0.1 g/L resulted in a qe of
649 mg/g and had an efficiency of 63%, being characterized

as an ideal scenario to be used in the optimization process
considering qe and percentage of dye removal.

Sonication time variation

Sonication is an indispensable tool for the complete dispersion
of the adsorbent material in water and improves efficiency in
the adsorption process. Akbari Dehkharghani (2019) com-
pared the performance of the 3-h exfoliated CN with that of
the non-exfoliated CN for metal removal and concluded that
exfoliated CN had better efficiency. According to the author,
the sonication improved the material surface contact area, and,
as a result, it enhanced the chemical interactions between the
metallic cations and the amino groups of the adsorbent.
Regarding graphene adsorbents, sonication is responsible for
improving the graphene dispersion and breaking graphene
sheets, thus increasing its surface area (Ye and Feng 2016).
However, prolonged sonication drastically reduces their sheet
size, negatively altering graphene mechanical characteristics.

91%
99% 99%

93%

63%

0

100

200

300

400

500

GO g-CN/GO
(30/70)

g-CN/GO
(50/50)

g-CN/GO
(70/30)

CN

q
e
(m

g
/g

)

Adsorbent

Fig. 9 Variation of percentage composition of materials. Adsorbent
dosage 0.05 g/L (1.25 mL). BB26 dye initial concentration of 200 mg/
L (3.75 mL), agitation of 150 oscillations/min, pH 6, under 2-min ultra-
sonic time, and at room temperature

150

155

160

165

170

175

180

185

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510

q
t(

m
g

/g
)

t (min)

Fig. 10 Variation of BB26 uptake with contact time. Nanocomposite
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Fig. 12 Variation of ultrasonic assistance time on BB26 dye removal.
CN/GO adsorbent dosage 0.1 g/L (0.25 mL), BB26 initial concentration
100 mg/L (4.75 mL), agitation 150 oscillations/min during 30 min, at pH
6, under 0–90 min of sonication, and at room temperature

Fig. 11 Variations of CN/GO nanocomposite (50/50) dose.
Nanocomposite dosage of 0.05–0.4 g/L (0.125–1.000 mL). BB26 dye
initial concentration of 100 mg/L, agitation 150 oscillation/min during
30 min, at pH 6, under 2-min ultrasonic time, and at room temperature
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Sonication was applied before the adsorption process to
evaluate its influence in the BB26 uptake (Fig. 12). In the
absence of ultrasonic assistance, the removal efficiency was
542 mg/g. However, when we applied sonication for 2 min,
the BB26 dye adsorption onto the nanocomposite improved to
649 mg/g, because short sonication time enhanced the com-
posite dispersibility in water and the breakage of sheets in-
creases its superficial area, which is responsible for improving
adsorption. Increasing the sonication time did not improve the
process further, and the adsorption efficiency was reduced and
ranged from 433 to 377 mg/g (after 90 min). Le et al. (2019)
reported that extended sonication time caused the loss of
oxygen-containing groups and an increase in defects on
graphene nanosheets, which weaken the π–π interactions be-
tween adsorbent and adsorbate. The intense breakage of GO
sheets guides the adsorption efficiency of the material, con-
sidering that after 2 min of sonication the sorption efficiency
decreased, showing that graphene sheets had its mechanical
properties affected.

Effect of the temperature

Evaluating the behavior of the process at different tempera-
tures is relevant for determining the best conditions to remove
the pollutant, as well as the main characteristics of the process.
The influence of temperature on the BB26 adsorption process
is illustrated in Fig. 13. At a higher temperature, the adsorption
rate descended. Therefore, the best result obtained was at the
temperature of 298 K (25 °C), corresponding to a qe of 649
mg/g (63%).

The Brownian movement of the particles increases with the
temperature rise, to the point of interfering with the electro-
static and π–π interactions between adsorbent and adsorbate.
As a result, smaller floccules (He et al. 2013) are generated.
This behavior, according to the temperature variation, reveals
the exothermic nature of the adsorption. An endothermic

adsorption is characterized by energy consumption, while in
exothermic reaction, there is heat release.

Effect of initial BB26 dye concentration

The plot of the BB26 removal capacity by the nanocomposite
CN/GO 50/50 versus dye concentration is presented in Fig.
14. The results show that with an increase in the initial BB26
concentration, the dye uptake also increased, until 649 mg/g,
when BB26 concentration was 100 mg/L. This can be attrib-
uted to the high number of active sites available in the adsor-
bent. Afterwards, the adsorption reached a plateau between
100 and 300 mg/L of BB7 concentration and at 375 mg/L
resumed growth, reaching a high removal capacity (917 mg/
g). The presence of a plateau followed by an inflection point
suggests an increase in the number of available active sites for
BB26 attachment when the initial dye concentration increased
(Rodríguez et al. 2019). This behavior is frequently associated
with multilayer adsorption (Giles et al. 1974).

Effect of pH

The pH of the dye solution is an important factor for the
adsorption process assessment. Variations on pH affect the
degree of dye ionization and electrical charge of adsorbent
materials and thus affecting electrostatic interactions (Wang
et al. 2010).

BB26 has a pKa of 8.3 (de Souza et al. 2019), and when pH
< pKa, the dye is ionized with the predominance of its cationic
species, while at pH > pKa, there is a predominance of its
negative species (de Souza et al. 2019). More specifically, at
pH 2, the main BB26 species present in the solution have two
protonated amine groups, which represent ~ 96% of the total
of species (Specie 2, red line, Fig. 15) (Chemicalize was used
for predictions of pKa properties). With a pH below 4, the
quantity of the specie that has 3 amine groups protonated
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mL), BB26 initial concentration 100 mg/L (4.75 mL), agitation 150
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0

200

400

600

800

1000

1200

0 50 100 150 200 250 300 350 400

q
e 

(m
g

/g
)

C0 (mg/L)
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oscillations/min until equilibrium, pH 6, under 2 min of sonication at
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gradually increases with the pH reduction, reaching ~ 30% of
total species at pH zero (Fig. 15).

In addition, the surface charge of the adsorbent material at
different pH concentrations can be obtained by zeta potential
measurements. These were performed at the pH range of 4 to
10 for the nanocomposite as well as the pristine GO and CN.
The results indicate that the material surface is negatively
charged in the whole pH spectrum evaluated, with zeta poten-
tial ranging between − 16 and − 45 mV (Fig. 16).

We carried out BB26 removal experiments with a pH range
of 2–10. At pH 12, the dye formed lumps and did not dissolve.
At pH above 10, the dye suffered changes in its basic charac-
teristics, mainly in coloration, acquiring a grayish tone (Fig.
17). Kataria et al. (2016) observed the same color change in
BB26 dye in a solution with pH 10.

At pH 10 and 8, the adsorbent had the lowest BB26 uptake
performance, with a qe of 182 and 359 mg/g, respectively.
This probably occurs due to the absence of protonated amine
groups (Chemicalize was used for predictions of pKa proper-
ties). At pH 6 and 4, the qe was 649 and 571 mg/g, respec-
tively. We observed, as shown in Fig. 15, that the BB26
Specie 3, with one protonated amine group, begins to appear
at pH 6 and at pH 4, and that there are Species 2 with two
protonated amine groups and a higher level of Specie 3. This
justifies the efficiency removal observed at acidic conditions.
At pH 6, 97% of dye molecules are in the neutral form (Specie
4); thus, above this pH, π–π interactions are the main mech-
anism, once CN/GO and BB26 have planar aromatic lattices
that allow these interactions. As the pH decreases, the pres-
ence of protonated amine groups increases, as well as the
removal efficiency. The highest removal efficiency occurred
at pH 2 (Fig. 18), with a qe of 920 mg/g. This probably hap-
pens because BB26 is highly positively charged at a low pH,
which contributes to electrostatic interactions between nega-
tively charged adsorbent and positively charged dye surface
(Zhang et al. 2014a). The following experiments were carried
out at pH 2.

Kinetics of removal

The adsorption process undergoes several stages. Studying
how the adsorption process occurs and which step determines
the velocity of this process is essential to understand the in-
teraction dynamics between sorbent and sorbate as well as to

0
10
20
30
40
50
60
70
80
90

100

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH

B
B

26
 s

p
ec

ie
s 

fr
ac

it
io

n
 (

%
)

Fig. 15 BB26 microspecies distribution according to pH variation. Data obtained from Chemicalize (2019)

-50

-40

-30

-20

-10

0
4 5 6 7 8 9 10

Z
et

a 
P

o
te

n
ti

al
 (

m
V

)

pH

GO CN/GO 50/50 CN

Fig. 16 Zeta potential of GO, CN, and GO/CN nanocomposite at pH 4–
10

3396 Environ Sci Pollut Res  (2021) 28:3386–3405



determine the amount of mass to be adsorbed and the time
required. Finding the optimal parameters is also indispensable
for applying the process in full scale (Melo et al. 2014).

The sorption kinetics was assessed using non-linearized
models of pseudo-first-order (Lagergren 1898; Moussout
et al. 2018), pseudo-second-order (Aazza et al. 2018; Ho
and Mckaf 2000; Lin and Wang 2009), and intraparticle dif-
fusion (Weber and Morris 1963). Kinetic models of the pseu-
do-first-order, pseudo-second-order, and intraparticle diffu-
sion are expressed by Eqs. 3, 4, and 5, where k1 (min−1), k2
(g/mg min), and k3 (mol/g min0.5) are constants that express
the adsorption rate in each model.

qt ¼ qe 1−e−k1t
� � ð3Þ

qt ¼
k2:qe

2t
1þ k2 qe t

ð4Þ

qt ¼ K q0:5e þ C ð5Þ

qe (mg/g) is the dye quantity adsorbed per g of the adsor-
bate at equilibrium, qt (mg/g) is the adsorption capacity in
time, and t is the time (min).

The pseudo-first-order model obtained a R2 of 0.9745 to
0.9853 (Table 1). The theoretical values of qe are close to the
experimental data, which indicates that the model represents
the data fitted consistently. Considering the intraparticle dif-
fusion model, the correlation coefficient ranged from 0.3201
to 0.3893, revealing the inadequacy of the model for the

studied adsorption process. Also, the rate constants obtained
are unrealistic to express experimental data. The model that
dictates the velocity of the process in this study was the
pseudo-second-order model, since it provided higher correla-
tion coefficients than the pseudo-first-order model. In addi-
tion, the theoretical qewas very close to the experimental data.
The range of the correlation coefficient was 0.9813 to 0.9987.
In review of the adsorption of dyes in water, Yagub et al.
(2014) state that most adsorption processes fitted better with
the pseudo-second-order model, because, in general, the
pseudo-first-order model makes a good representation of the
adsorption process after 20 and 30 min—the intraparticle dif-
fusion model is also strictly representative. On the other hand,
the pseudo-second-order model applies to the entire time spec-
trum of the process (Ho and Mckay 1998, 1999).

Adsorption isotherm study

For a better understanding of the interaction processes be-
tween adsorbents and adsorbates, we applied isothermal stud-
ies (Table 2). The experimental data was compared with the
studies performed by Giles, and five isothermal models were
used: Langmuir, Freundlich, Temkin, Redlich–Peterson, and
Dubinin–Radushkevich. One of the first analyses to be per-
formed is about the format that the isotherm presents in the
plot of the adsorbed BB26 dye amount (per gram) of the
adsorbate (mg/L) versus the dye concentration, Ce (mg/L),
both at equilibrium. The BB26 dye concentration used in
these experiments were between 10 and 375 mg/L, and the
results are shown in Fig. 19.

The isotherm curve (Fig. 19) of the adsorption of BB26 on
nanocomposite CN/GO 50/50 grows in a convex form
reaching a plateau with an equilibrium concentration of 24
mg/L. Then, the curve grows exponentially, reaching a re-
markable adsorption capacity of BB26 uptake (3510 mg/g—
94%). This behavior corresponds to the L3 type isotherm and
indicates the adsorption in multilayers (Giles et al. 1974).

The Langmuir isotherm

The Langmuir isotherm model assumes that the adsorption
process occurs in a specific number of homogeneous sites.
The sites can only support one molecule, and thus with no

Fig. 17 BB26 in water solution,
pH range 2–10. Concentration of
100 mg/L. Room temperature
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Fig. 18 pH variation. GO/CN adsorbent dosage 0.1 g/L (0.25mL), BB26
initial concentration 100 mg/L (4.75 mL), agitation 150 oscillations/min
during 30 min, under 2 min of sonication, and 298 K
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additional adsorption on them (Langmuir 1918). In the follow-
ing model, KL and qL are the Langmuir isothermal constants.

qe ¼
qL:KL:Ce

1þ KL:Ce
ð6Þ

where qe is the amount of adsorbed dye per gram of the ad-
sorbent at equilibrium (mg/g), qL is the maximum adsorbent

capacity (mg/g), KL is the constant adsorbent/adsorbent inter-
action (L/mg), and Ce is the adsorbate concentration at equi-
librium (mg/L) (Dada et al. 2012).

The Freundlich isotherm

This model is one of those that relate the quantity of adsorbed
material and the material concentration in the solution from
empiric data. The isotherm is applied to the adsorption on
heterogeneous surfaces, and it is not restricted to the formation
of monolayer. The model is expressed in Eq. 7 (Freundlich
1906):

qe ¼ K F :Ce
1
n ð7Þ

where qe is the dye concentration adsorbed at equilibrium per
unit of adsorbate (mg/g), Ce is the dye concentration in solu-
tion at equilibrium (mg/L), Kf is the Freundlich constant

mg1−
1
nð Þ:L 1

nð Þ=g
h i

, and 1/n is the sorption intensity (Senthil

Table 1 Fitted parameters of BB26 adsorption kinetics for CN/GO

BB26 concentration (mg/L)

10 50 100 200 300

Experimental qe 44.1102 478.0340 950.9134 1754.8780 2761.5521

Pseudo-first order k−1 (min−1) 4.8760 4.7560 4.3850 4.3760 4.2826

qe (mg/g) 46.4000 486.600 981.8082 1769.6102 2768.0300

R2 0.9809 0.9853 0.9745 0.9820 0.9811

Pseudo-second order k−1 (min−1) 0.4876 0.3980 0.3569 0.3876 0.0238

qe (mg/g) 46.4003 486.6040 981.8090 1825.0339 2787.5200

R2 0.9813 0.9985 0.9958 0.9987 0.9984

Intraparticle diffusion k−1 (mg/(g min1/2)) 5.0662 55.6514 152.1173 206.0092 323.6568

C 25.1103 256.5876 469.9929 923.4269 1440.6251

R2 0.3201 0.3534 0.3893 0.3664 0.3697

Italicized values are the highest R2

Table 2 Adsorption parameters calculated from non-linear isotherm
models

Isotherm model Parameters Values

Langmuir kL (L/mg) -

qm (mg/g) -

R2 < 0.9000

ARE -

Freundlich kF ((mg/g)(L/mg)
1/n) 3.1797

1/n (dimensionless) 1.9986

R2 0.9743

ARE 4.5422

Temkin kT (L/g) 0.1706

RT/b 1904.1583

R2 0.9437

ARE 8.2354

Redlich–Peterson kR (L/mg) 108.2074

aR (L/mg)
β 0.0615

Β 0.0167

R2 0.9077

ARE 38.7312

qs (mg/g) 3987.4511

KDR (mol2/kJ2) 0.00003

Dubinin–Radushkevich R2 0.9839

ARE 3.8389
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Fig. 19 Isotherm of BB26 adsorption onto CN/GO, at 298 K. BB26
concentration of 10–375 mg/L (4.75 mL), nanomaterial concentration
of 0.1 g/L (0.250 mL), pH 2 under 2 min of sonication
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Kumar et al. 2010). The inclination (1/n) allows the under-
standing of the adsorption process, and the range between 0
and 1 is associated with the chemisorption process. The incli-
nation above 1 is related to the formation of multilayers (de Sá
et al. 2017).

The Temkin isotherm

Temkin isotherm considers the effects of the indirect
adsorbate/adsorbate interactions. As result of these interac-
tions, the adsorption heat decreases linearly according to the
increase of the surface coating degree (Vidal et al. 2011). The
equation is shown in Eq. 8 (Ostrovskii 1989):

qe ¼
R:T
b

:ln KT :Ceð Þ ð8Þ

where qe is the amount adsorbed at equilibrium, R is the gas
constant (8.314 J/mol K), T is the absolute temperature (K), b
is the Temkin constant related to the sorption heat (J/mol), Kt

is the Temkin isotherm constant (L/g), and Ce is the adsorbate
concentration in solution at equilibrium (mg/g) (Hameed et al.
2009).

The Redlich–Peterson isotherm

This model (Redlich and Peterson 1959) is commonly used to
represent the adsorption equilibrium at a wide range of con-
centrations, and it can be applied in homogeneous and hetero-
geneous systems, since it is a hybrid isotherm based on the
Langmuir and Freundlich isotherms (Foo and Hameed 2010).
The isotherm incorporates three parameters in an empirical
equation (Eq. 9):

qe ¼
kR:Ce

1þ aR:Ce
β ð9Þ

where qe is the amount adsorbed at equilibrium; Ce is the
adsorbate concentration in solution at equilibrium (mg/g); and
kR (L/mg), aR (L/mg)β, and β (varies from 0 to 1) are the
parameters of the Redlich–Peterson isotherm. At the limit,
the Redlich–Peterson isotherm approaches the Langmuir iso-
therm at low adsorbate concentrations, where the value β is
close to 1. When β is close to 0, the isotherm approaches
Freundlich at high adsorbate concentrations (Wu et al. 2010).

The Dubinin–Radushkevich

The Dubinin–Radushkevich (D–R) adsorption isotherm is an
empirical model that can be applied to define the adsorption
processes that occur on homogeneous and heterogeneous sur-
faces through pore-filling mechanisms (Dubinin 1959). The
non-linear form of the model is presented in Eq. 10:

qe ¼ qsexp −KDRε
2

� � ð10Þ

where qe is the amount adsorbed at equilibrium (mg/g), qs is
the maximum adsorption capacity (mg/g), and KDR is the ac-
tivity coefficient related to the mean free energy of adsorption
(mol2/J2). This isotherm model is commonly used to deter-
mine the mean free energy (E = 1=

ffiffiffiffiffiffiffiffiffiffiffi
2KDR

p
), which can be

calculated using the KDR isothermal constant. The determina-
tion of the mean free energy depends on the KDR units and
Polanyi potential (ε) from which the D–R equation derives.
Polanyi’s potential can be calculated using Eq. 11:

ε ¼ RTln 1þ 1

Ce

� �
ð11Þ

where R is the gas constant (8.314 J/kmol), T is the absolute
temperature (K), and Ce is the equilibrium concentration in
mg/L or mol/L (Satilmis 2020). However, Hu and Zhang
(2019) showed that the potential of Polanyi calculated through
Ce is not correct, since the logarithmic term must be dimen-
sionless. Thus, the mean free energy was not calculated.

The quality of the adjustment was verified according to the
coefficient of determination (R2) and average relative error (Li
and Zhao 2005), according to Eq. 12:

ARE ¼ 100

N
∑N

i¼1

qe;cal−qe;meas

qe;meas

" #
i

ð12Þ

Considering the determination coefficients, the most ade-
quate model to describe the results obtained is the Dubinin–
Radushkevich (R2 = 0.9829) followed by the Freundlich (R2 =
0.9743), Temkin (R2 = 0.9437), Redlich–Peterson (R2 =
0.9077), and Langmuir (R2 < 0.9000) models (Table 2). This
sequence was established by observing errors related to iso-
therms. Langmuir, Redlich–Peterson, and Temkin curves
have high relative errors associated. Therefore, it would be
inaccurate to analyze the parameters displayed in these iso-
therms. The D–R equation has a maximum theoretical adsorp-
tion capacity of 3987 mg/g, and the Freundlich sorption

Fig. 20 Fitting of the adsorption thermodynamic parameters of BB26 by
CN/GO
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intensity constant (1/n) determined (1.9986) was higher than
1, indicating multilayer formation.

Thermodynamic parameters

The free energy change (ΔG), enthalpy change (ΔH), entropy
change (ΔS), and the adsorption equilibrium constant can be
calculated according to the derivations of Gibbs free energy
relations and van’t Hoff equations (Lee et al. 2015), as shown
in Eqs. 13 and 14.

ΔG ¼ −R:T :lnK ð13Þ

lnK ¼ ΔS
R

−
ΔH
R:T

ð14Þ

whereΔG is the Gibbs free energy (J/mol),ΔH is the enthal-
py change (J/mol),ΔS is the entropy change (J/mol), R is the
universal gas constant (8.314 J/Kmol), and T is the tempera-
ture (K). ΔH and ΔS are calculated by using the slope and
intercept, respectively, from fitting ln (K) versus (1/T)
(Fig. 20).

The thermodynamic parameters are shown in Table 3.
The variation of the free energy (ΔG) was from − 9.04 at

298 K to − 8.52 kJ/mol at 318 K. TheΔG values become less
negative as the temperature rises, which indicates that the
removal occurred more easily at lower temperatures (Wang

et al. 2015). The sign ofΔG predicts the main mechanism of
adsorption in the dye removal process. In the range of − 20 to
0 kJ/mol, there is mainly physisorption, while from − 80 to −
400 kJ/mol, the dominant process is chemisorption (Gamoudi
and Srasra 2019). Therefore, looking for a ΔG value from −
9.04 to − 8.52 kJ/mol, we concluded that the main mechanism
in the process was physisorption, that is, electrostatic attrac-
tion and π–π interactions between sorbent and sorbate
(Carrier et al. 2012; Sims et al. 2019). These data corroborate
the discussions based on the zeta potential of the adsorbent
material and ionization of BB26. Figure 21 shows the main
adsorption interactions between CN/GO nanocomposites and
BB26 dye.

Moreover, the negative enthalpy change means that it is an
exothermic reaction, and this is in accordance with the data
collected for the removal performed in relation to temperature
variation (Cheruiyot et al. 2019). On the other hand, the neg-
ative entropy change indicates that there was less disorder or
randomness at the CN/GO interface covered by BB26 dye
(Sumalinog et al. 2018).

Recycling tests

The recycling step is an important parameter to select an ad-
sorbent material because it interferes in the usability, efficien-
cy, and consequently cost of the process (Ren et al. 2018). In
this context, five adsorption/desorption cycles were carried
out with the nanocomposite CN/GO 50/50 to verify the reuse
limit of the material, without significant loss of efficiency.

Organic solvents have proven to be a good option when it
comes to recycling materials that contain CN (Cheruiyot et al.
2019; Sumalinog et al. 2018). In this regard, ethanol was cho-
sen to be used in the desorption step. After the BB26 adsorp-
tion tests, the adsorbent material was washed with ultrapure

Table 3 Thermodynamic parameters of the BB26 adsorption at 298 K,
308 K, and 318 K

R2 ΔG (KJ/mol) ΔH (KJ/mol) ΔS (KJ/mol)

298 K 308 K 318 K

0.99 − 9.0444 − 8.7251 − 8.5240 − 16.8192 − 0.0261

Fig. 21 Proposed adsorption
interactions between CN/GO
nanocomposites and BB26 dye
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water and ethanol twice. After washing, the material was used
in another cycle.

Figure 22 shows that up to the third cycle, the BB26 uptake
efficiency remained approximately constant, with values of
89% in the second test and 90% in the third. In the fourth
cycle, the performance fell 16% in relation to the third cycle
and remained the same in the fifth cycle. Even falling to 74%
in the last two adsorption tests, the removal efficiency was
satisfactory in the five test cycles, showing one of the advan-
tages of using CN/GO nanocomposite as an adsorbent
material.

The values obtained from the maximum BB26 uptake by
the adsorption onto the nanocomposite CN/GO (qmax) at pH 6
and 2 were compared with other materials described in the
literature as shown in Table 4. In neutral ultrapure water pH,
the BB26 uptake efficiency was 917.78 mg/g, which is 5.6
times higher than the highest previously reported value
(Kataria et al. 2016). This result indicates that CN/GO com-
posites are potential basic dye-filtering agents at environmen-
tal conditions. At pH 2, BB26 removal by CN/GO reached a
remarkable value of 3510.68, being 21 times higher than those
reported elsewhere (Table 4).

Conclusions

GO has been widely used in adsorption processes to remove
pollutants from water, whereas carbon nitride has been poorly
explored as adsorbent, as it is mainly used in catalysis reac-
tions. In this study, we prepared pristine materials and nano-
composites and characterized them by using FTIR, Raman,
AFM, SEM, TEM, XRD, and zeta potential techniques. The
characterizations confirmed the successful preparation of GO
and CN materials. After testing pure GO and CN and 30/70,
50/50, and 70/30 (CN/GO) nanocomposites, we selected
nanocomposite 50/50 as the best adsorbent for removing
BB26 dye from water.

The BB26 dye adsorption optimization process showed
that the equilibrium was reached in 30 min at 298 K, at pH
2 and with 2 min of sonication. At high BB26 dye concentra-
tion, CN/GO composite reached a remarkable removal capac-
ity of 3510 mg/g. Also, at natural ultrapure water, the adsorp-
tion efficiency was 917 mg/g, indicating CN/GO nanocom-
posites as potential dye-filtering agents at environmental
conditions.

The sorption process was best described by using the
Dubinin–Radushkevich isotherm and kinetics by using the
pseudo-second-order model. The sorption process was ther-
modynamically spontaneous and exothermic in nature. The
main sorption mechanism was physisorption, that is, the sor-
bent and sorbate molecules interact mainly by electrostatic
attractions and π–π interactions.

Recycling tests showed that after 5 cycles of sorption/de-
sorption, the CN/GO nanocomposite maintained an optimum
level of efficiency, and this application can be extended to
remove other cationic dyes without significant loss of efficien-
cy. The results showed that CN/GO nanocomposite had high
adsorption capacity when compared with pure materials and
other adsorbents, indicating that this material is viable for
industrial wastewater treatment in acidic or neutral conditions.
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Fig. 22 Reusability study of CN/GO (50/50)

Table 4 Comparative data of
BB26 removal by other materials Adsorbent material Removal capacity (mg/g) pH Reference

Fly ash 0.024 8.0 Khare et al. 1987

Carbon/Ba/alginate beads 1.94 4.0 Kumar et al. 2013

Activated carbon (AC1-R1) 73.00 5.8 de Souza et al. 2018

Activated carbon (AC2-R2) 13.00 5.8 de Souza et al. 2018

Activated carbon (AC3-R2) 76.00 5.8 de Souza et al. 2018

Iron-doped titanium/silane 153.89 6.5 Anirudhan et al. 2014

Zinc oxide nanoparticles 163.93 6.0 Kataria et al. 2016

H3PO4-activated carbons (AC-R1) 48.58 5.8 de Souza et al. 2019

H3PO4-activated carbons (AC-R2) 51.11 5.8 de Souza et al. 2019

Porous CN/GO nanocomposites 917.78 6.0 This work

Porous CN/GO nanocomposites 3510.68 2.0 This work
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