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a b s t r a c t
We developed a novel three-dimensional graphene oxide/allylamine/allyl glycidyl ether, and evalu-
ated its adsorption performance for humic acid removal in an aqueous solution. The effective param-
eters were optimized by the Taguchi design method. Effective parameters on the removal of humic 
acid, including adsorbent dosage, solution pH, contact time, and temperature were evaluated using 
an L9 orthogonal array. The optimum parameters were adsorbent dosage of 0.02 g, pH of 6, contact 
time of 120 min, temperature of 25°C, and the removal efficiency of humic acid was 58%. Also, anal-
ysis of variance showed the most significant factors were adsorbent dosage and contact time with 
33.58% and 51.62% contribution, respectively. The prepared nanoadsorbent was characterized by 
Fourier-transform infrared spectroscopy, field-emission scanning electron microscopy with ener-
gy-dispersive X-ray analysis, and thermogravimetric analysis. The equilibrium data were evaluated 
by different isotherm models, where the data followed a Langmuir model with a maximum sorption 
capacity of 25.97 mg/g. Also, the kinetic adsorption data were well evaluated by the pseudo-second- 
order model. The thermodynamic data shown that the sorption of humic acid onto the nanoadsor-
bent was an exothermic, favorable, and spontaneous process. The regeneration test indicated that 
the nanoadsorbent could be reused in the water treatment application. This study concluded that 
nanoadsorbent is a very hopeful nanoadsorbent for the remediation of water polluted by humic acid.

Keywords: �Humic acid; Taguchi design; Three-dimensional; Magnetic graphene oxide; Allyl 
glycidyl ether

1. Introduction

Humic acid (HA), the major of natural organic mat-
ter, was ubiquitously present in the natural environments, 
such as surface water, drinking water, and groundwater 
as a result of the biological decomposition from animals, 
plants, and other microorganisms in natural systems. Plenty 

of carboxyl, phenolic hydroxyl, and carbonyl groups in HA 
structures result in high chemical reactivity and structural 
complexity. HA may cause environmental water to have an 
undesirable taste and bind heavy metals and other organic 
matter to increase their concentrations in water. HA may 
react with chlorine disinfectants to form carcinogenic dis-
infection by-product during the chlorination step in water 
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production. Accordingly, the removal of HA from water 
samples is of significant importance [1–3].

The elimination of water samples containing HA has 
been considered by several methods such as adsorption [4], 
coagulation [5], photo-catalytic oxidation [6], membrane 
filtration [7], and advanced oxidation [8]. One of the most 
essential methods for the removal of low concentrations of 
organic pollutants is adsorption [9–11].

Due to the existence of functional groups such as car-
boxyl, hydroxyl, and epoxy groups along with a delocalized 
π-electron system, graphene oxide (GO) is an ideal adsor-
bent of positively charged nanomaterials [12]. Due to their 
low price, low toxicity, functional controllability, and quickly 
separation in the magnetic field, magnetic nanoparticles 
have attracted wide attention [13]. One of the most essential 
magnetic adsorbents is related to iron oxides, which are easy 
eroded and oxidized in an aqueous solution [14]. Silica has 
been used as an ideal coating layer to protect the magnetic 
core, such as Fe3O4/SiO2 core/shell nanoparticles attached to 
graphene oxide [15], magnetic ethylenediaminetetraacetic 
acid-modified chitosan/SiO/Fe3O4 [16], amino-functional-
ized Fe3O4@SiO2 [17], and thiol modified Fe3O4@SiO2 [18], 
due to the ease of subsequent functionalization of SiO2 
and chemical stability.

In recent years, many research based on magnetic GO 
have been reported. For example, Yang et al. [19] prepared 
a thiourea-dioxide–reduced magnetic graphene oxide for 
the removal of HA. In addition, Wang et al. [20] groups 
developed the polyethylenimine-modified magnetic meso-
porous silica and graphene oxide (MMSP-GO) [20].

Moreover, there have been many studies used three-di-
mensional (3D) graphene composites or their derivatives in 
practical applications, which has resulted in an appropriate 
sorption capacity for different contaminants [21]. Nowadays, 
there is little study about 3D/GO to remove HA from water 
samples, and HA removal needs to be further enhanced. 
Herein, a 3D/GO was developed through modification of 
GO by allylamine/allyl glycidyl ether (AA-AGE), followed 
by freeze drying as a reusable and non-toxic nanoadsorbent 
for HA removal from the aqueous solution. Taguchi design 
as a statistical experiment optimization was performed to 
study influences of four factors on the HA adsorption. The 
magnetic nanoadsorbent was characterized by analytical 
techniques. The adsorption and desorption mechanisms 
of HA in solution on the nanoadsorbent were investigated. 
The associated sorption mechanism was also studied.

2. Experimental section

2.1. Materials

The HA used in this work was purchased from Sigma-
Aldrich (Steinheim, Germany). A stock solution of HA 
(1,000 mg/L) was prepared by dissolving 1 g of HA powder 
in 1 L of distilled water. A few drops of NaOH solution (1 N) 
were also added to complete the dissolving of HA. All chemi-
cals such as multilayer GO, AA (C3H7N), AGE (C6H10O2), azo-
bisisobutyronitrile (C8H12N4; AIBN), 1,3,5-trihydroxybenzene 
(C6H6O3; PG), iron(III) chloride hexahydrate (FeCl3·6H2O), 
iron(II) chloride tetrahydrate (FeCl2·4H2O), dimethyl sulf-
oxide (DMSO), sulfuric acid (H2SO4), nitric acid (HNO3), 

and ethanol (C2H5OH; EtOH) were purchased from Merck, 
Darmstadt, Germany. A Millipore water purification sys-
tem (Milli-Q, Bedford, USA, ≥18  MΩ) was used to obtain 
ultrapure water.

2.2. Characterization

The morphology and the elemental analysis of the prod-
ucts were detected by using a field-emission scanning elec-
tron microscopy (FE-SEM: TESCAN MIRA 3-XMU Brno, 
Czech Republic) and energy-dispersive X-ray spectrometer 
(EDX), respectively. Thermogravimetric analysis (TGA) was 
conducted using STA449F3 TGA (Netzsch, Germany) at the 
rate of 10°C/min in a nitrogen atmosphere at 20°C–600°C). 
The Fourier-transform infrared spectra were recorded 
using an Fourier-transform infrared (FT-IR) spectrometer 
(AVATAR 360 ESP, USA) in the wave number range 4,000–
400 cm–1. The specific surface area of the nanoadsorbent was 
measured using Brunauer–Emmett–Teller (BET) method 
(Micromeritics ASAP 2020 model). The drying method of 
nanoadsorbent was carried out using a freeze dryer (Binder, 
Germany). The absorbance spectra were determined using 
a UV-Vis spectrophotometer (UV-2100, Japan) in the wave-
length range of 200–800 nm. For the chromatographic tests, a 
high-performance liquid chromatography (HPLC) equipped 
with a UV detector was used. Chromatographic separations 
were carried out on a Bio Suite column (7.8 mm × 300 mm). 
A mixture of sodium phosphate, sodium sulfate, and sodium 
azide was used as the mobile phase at a flow rate of 1 mL/
min. The injection volume and wavelength were 20 µL and 
480 nm, respectively.

2.3. Preparation of the 3D/GO@AA-AGE/PG

2.3.1. Preparation of GO@AA-AGE/PG

The amount of GO (2 mg), 3 mL of H2SO4, and 2 mL of 
HNO3 were stirred in a glass beaker for 20 min and subse-
quently centrifuged for 15 min at 3,000 rpm. Then, the prod-
uct was washed to remove the organic compounds, and dried 
in a vacuum oven for 24 h. Next, the precipitate was titrated 
with a solution of AA (10 mL). The mixture was stirred for 
3 h. After that, the above sediment was dispersed in 40 mL of 
EtOH and 10 mL of AGE, and the mixture was then perched 
for 5 min under N2. After adding of AIBN (0.1 g), the mixture 
was stirred for 7 h at 65°C. The prepared sample was washed 
several times with deionized water and EtOH, and then 
dried. Finally, the amount of previously precipitate, 0.3 g of 
PG, 10  mL of acetate buffer, and 20  mL of DMSO solution 
were combined. Then, the resulting mixture was shaken at 
40°C for 24 h. The prepared GO@AA-AGE/PG was washed 
and dried for subsequent experiments. Fig. 1 indicates the 
proposed schematic diagram of GO@AA-AGE/PG and mech-
anism of interaction between HA with GO@AA-AGE/PG.

2.3.2. Preparation of magnetic nanoparticles

The magnetic nanoparticles (MNPs) were synthesized 
based on the co-precipitation method [22]. Based on this 
method, 5.4  g of FeCl3·6H2O and 2  g of FeCl2·4H2O were 
dispersed in deionized water (200 mL) in a three-neck flask 
and stirred for 30  min. Afterward, the mixture was stirred 
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Fig. 1. (a) Schematic mechanism of GO@AA-AGE/PG and (b) possible mechanism of interaction between humic acid with 
GO@AA-AGE/PG.
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at 80°C under N2 gas. Subsequently, 40  mL of ammonium 
hydroxide was added drop by drop to the above solution 
for 2 h until the color of the solution changed to black. After 
ultrasonication, the mixture was collected via the external 
magnet, washed, and dried at 70°C for 12 h.

2.3.3. Preparation of 3D/GO@AA-AGE/PG

Firstly, 0.2 g of GO@AA-AGE/PG was added to 100 mL 
of deionized water, and the pH of the solution was adjusted 
to 11 by adding ammonium hydroxide solution. Next, 
0.965 g of MNPs was added to the above mixture. The solu-
tion was stirred at a temperature of 90°C for 6 h. Finally, the 
products were washed three times with water and dried 
at –70°C for 24 h in a freeze dryer.

2.4. Taguchi design

To reduce the number of tests and to identify the main 
influences of factors, we used Taguchi orthogonal array 
design (L9). For this purpose, four independent factors were 
evaluated at three levels, high (+3), center (+2), and low (+1). 
The factors included pH (3, 6, 9), adsorbent dosage (0.002, 
0.02 and 0.035 g), contact time (5, 35 and 120 min), and tem-
perature (25°C, 38°C, and 50°C). All tests were repeated 
three times. Table 1 shows all of the factors and levels used 
in this test. Also, A L9 orthogonal array as shown in Table 2.

2.5. Batch adsorption tests

The sorption of HA onto 3D/GO@AA-AGE/PG was inves-
tigated in batch tests. To obtain the optimum conditions for 

adsorbent dosage (0.002–0.035 g), temperature (25°C–50°C), 
contact time (5–180  min), and pH (3–9) were assessed by 
Taguchi orthogonal array design. The adsorption tests were 
performed in a flask containing 25 mL of HA solution with 
25  mg/L. The solution, which was adjusted to pH 6 and 
contained 0.02  g of 3D/GO@AA-AGE/PG, was added and 
shaken for 120  min at 25°C. Next, the solution was centri-
fuged at 5,000 rpm for 10 min, and the residual concentration 
of HA was tested with the aid of a UV-Vis spectrophotome-
ter (λmax = 254 nm). The removal and adsorption capacity of 
HA were assessed with the following equations:
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where C0 and Ce (mg/L) are the initial and equilibrium con-
centrations of HA, respectively. V (L) is the volume of the 
solution, and W (g) is the weight of the nanoadsorbent.

2.6. Adsorption isotherms and kinetics

To investigate a sorption technique for HA sorption, it 
is necessary to obtain the most suitable correlation for equi-
librium curves. In this regard, the sorption isotherm of HA 
onto 3D/GO@AA-AGE/PG was studied using the Langmuir, 
Freundlich, Temkin, Dubinin–Radushkevich isotherm 
models. To study the isotherm models, 0.015  g of 3D/GO@
AA-AGE/PG was added to a series of micro-test tubes filled 
with the solutions of HA (2–100 mg/L). The micro-test tubes 
were shaken for 1 h. For the kinetic test, the micro-test tubes 
(20 mg/L) were vortexed for (5–150 min) at pH = 6. Three sorp-
tion kinetic models of pseudo-first-order, pseudo-second- 
order, and intraparticle diffusion models were used to 
investigate the experimental data.

2.7. Real samples

To investigate the applicability of the proposed technique 
for adsorption of HA, two kind of well water samples were 
collected and analyzed. The well water samples were taken 
from Darakeh (Tehran, Iran) and Manjilabad (Karaj, Iran). All 
samples were kept in dark glass bottles and filtered through 
a membrane filter (0.45 µm) before use. For the determina-
tion of HA in water samples, the samples were prepared 
at a concentration of 0.05  mg/L and 3D/GO@AA-AGE/PG 
was added to the solution, and stirred for 90  min at 25°C. 
Then, the solution was centrifuged. The adsorbed HA was 
eluted using 1 mL solution of mobile phase, stirred for 5 min, 
and 1  mL of the supernatant was taken out for analysis 
by the HPLC system.

3. Results and discussion

3.1. Nanoadsorbent characterization

3.1.1. Field-emission scanning electron microscopy/ener-
gy-dispersive X-ray spectroscopy

The particle size and surface morphology of 3D/GO@
AA-AGE/PG were studied using FE-SEM images. As 

Table 1
Controllable parameters and their levels in the Taguchi method

Parameters Level 1 Level 2 Level 3

pH 3 6 9
Adsorbent dosage, g 0.002 0.02 0.035
Contact time, min 5 35 120
Temperature, °C 25 38 50

Table 2
L9 orthogonal array

RunParameters

pHTemperatureContact 
time

Adsorbent 
dosage

11111
22221
33331
43212
51322
62132
72313
83123
91233
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observed in Fig. 2, the 3D/GO@AA-AGE/PG has a spheri-
cal shape with a uniform and smooth surface morphology 
with an average size of about 29 nm. To identify elemental 
compositions, the EDX analyses were carried out for 3D/
GO@AA-AGE/PG. The successful formation of the 3D/GO@
AA-AGE/PG was shown by the EDX spectrum, which pre-
sented the only presence of C, Fe, O, and N with weight 
percentages of 50.89, 1.76, 36.32, and 11.03  wt.%, respec-
tively. The existence of N and Fe peaks along with C and O 
are evidence for the presence of Fe3O4 nanoparticles and AA 
polymer on the surface of 3D/GO@AA-AGE/PG.

3.1.2. Fourier-transform infrared spectroscopy

The successful preparation of 3D/GO@AA-AGE/PG was 
considered by using the FT-IR analysis, and the obtained 
spectra are indicated in Fig. 3. As can be seen in Fig. 3a, the 
peaks at 1,021; 1,559; 1,652; 2,985 and 3,428 cm–1 were related 
to the stretching vibration of C–O–C, C–N, C=C, C–H, and 
O–H groups on the GO surface. After the reaction with 
Fe3O4, the 3D/GO@AA-AGE/PG (Fig. 3b) indicated the peaks 
assigned for Fe–O at 596 cm–1. The lower intensity of the 3D/
GO@AA-AGE/PG bands compared to the GO could be a 
sign of the growth of the Fe3O4 nanoparticles from the GO@
AA-AGE/PG surface.

3.1.3. Thermogravimetric analysis

TGA curves of GO@AA-AGE/PG and 3D/GO@AA-AGE/
PG are shown in Fig. 4. For GO@AA-AGE/PG, the TGA curve 
shows three steps of thermal decomposition processes. As 
can be seen in Fig. 4a, the initial stage of weight loss there 
is around 120°C, the second stage is observed about 220°C, 
and the third stage is observed at about 400°C–600°C which 
is respectively associated with the removal of the water mol-
ecules, grafting of the organic compounds, and the degrada-
tion of GO backbone. For 3D/GO@AA-AGE/PG (Fig. 4b), a 
weight loss up to 50°C was associated to the desorption of 
water from the surface, the mass loss at 100°C–250°C was due 
to the degradation of organic compounds, and the weight 
loss at 300°C–600°C was related to the decomposition of 
the GO structure. Due to the exciting of Fe3O4 nanoparticles 
in the structure, the weight loss of 3D/GO@AA-AGE/PG is 
lower than that of GO@AA-AGE/PG.

3.1.4. Brunauer–Emmett–Teller-Barrett–Joyner–Halenda

Fig. 5a shows the N2 adsorption–desorption isotherm 
measured by the BET method at 77  K. According to the 
International Union of Pure and Applied Chemistry, N2 
adsorption–desorption isotherm for 3D/GO@AA-AGE/PG 
belongs to typical type IV with H3 hysteresis. The surface 

 
Fig. 2. (a) Field-emission scanning electron microscopy images and (b) energy-dispersive X-ray spectrum of 3D/GO@AA-AGE/PG.
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area, pore size, and pore volume of 3D/GO@AA-AGE/PG 
were found to be 97.35  m2/g, 10.30  nm, and 0.25  cm3/g, 
respectively. In addition, Fig. 5b shows the BET plot of 3D/
GO@AA-AGE/PG.

3.2. Optimization studies

The pH affects the states of the 3D/GO@AA-AGE/PG and 
HA. In this work, the pH was adjusted using magic buffer 
(1.43 mL of CH3COOH (0.05 M), 1.67 mL of H3PO4 (0.06 M), 
1.2 g of H3BO3 (0.04 M), and NaOH (2 M)) from 3 to 9. Fig. 6a 
shows the best data were detected at pH = 6. Low pH was 
not suitable because the HA was protonated. Also, when 
pH of the solution increased, the adsorption capacity of HA 
increased while the adsorption capacity of HA decreased 
significantly at higher values, maybe because HA was depro-
tonated at pH  >  6, and a decrease in the sorption capacity. 
Consequently, pH = 6 was chosen for subsequent experiments. 

The point of zero charge (PZC) was measured by using a plot 
that shows the final pH (pHf) vs. initial pH (pHi). These data 
are indicated in Fig. 6b. The PZC of the 3D/GO@AA-AGE/
PG has positive and negative charge below and above pHpzc, 
respectively. The PZC for 3D/GO@AA-AGE/PG is pHpzc = 6.5.

The weight of 3D/GO@AA-AGE/PG commonly has sig-
nificant effect on the adsorption capacity. In this study, dif-
ferent amounts of 3D/GO@AA-AGE/PG (0.002–0.035 g) were 
estimated (Fig. 6c). The adsorption capacity of HA increased 
when the adsorbent dosage increased from 0.002 to 0.02 g, 
and then decrease slowly with further increase of the adsor-
bent dosage from 0.02 to 0.035  g. So, 0.02  g of 3D/GO@
AA-AGE/PG was used as the optimal amount.

For investigating the effect of the contact time on HA 
removal efficiency, contact times were changed in the range 
of 5–120 min. (Fig. 6d), presents the peak area ratio for HA 
which was increased with the contact time up to 90 min, and 
remained constant after that. Hence, 90 min of contact time 

 
Fig. 3. Fourier-transform infrared spectra of the (a) GO and (b) 3D/GO@AA-AGE/PG.
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was selected as the optimum time for subsequent experi-
ments. Also, the half-time of saturation adsorption is about 
20 min.

The effect of temperature from 25°C to 50°C on the 
removal efficiency of HA is indicated in (Fig. 6e). As can 
be seen, the removal efficiency of HA and its temperature 
decreased from 89% to 33% from 25°C to 50°C, respectively. 
Also, the influence of temperature on the adsorption capac-
ity was smaller (11.9 to 4.5 mg/g) in the T > 25°C. The high 
temperature had a negative effect on the removal due to 
enhanced mobility of the HA in the aqueous solution.

3.3. Taguchi’s method

Main effects plots indicate how each parameter especially 
affects the response. The main effects of adsorption efficiency 
for each factor at each level are plotted in Fig. 7. As shown 
in Fig. 7, the signal-to-noise (S/N) ratio graph indicates that 
the optimal parameter level necessary to achieve the best 
adsorption efficiency is A2, B1, C3 and D2 where A2 = 0.02 g 
of adsorbent dosage, B1 =  temperature (25°C), C3 = 120 min 
of contact time, and D2  =  pH of 6. Table 3 shows the anal-
ysis of variance (ANOVA) results of the model obtained 
from experimental data. According to Table 3, DOF = degree 
of freedom, MS = mean of square, SS = sum of square, and 

P% = contributing factor. As can be seen in Table 3, it is obvi-
ously observed that both adsorbent dosage and contact time 
have significant effect on the adsorption efficiency. Also, the 
highest values of SS (50.97) and MS (25.48) for the influenc-
ing factor ‘A’ (adsorbent dosage) and the highest values of 
SS (78.35) and MS (39.17) for the influencing factor ‘C’ (con-
tact time) are observed. Also, the P% is more for contact time 
which is 51.62%, while the adsorbent dosage has a P% of 
33.58%. The P% of other factors, such as pH and temperature 
is negligible. Fig. 7 shows the actual P% of each parameter 
in adsorption efficiency. Also, the optimum performance and 
significant interaction for each factor are shown in Fig. 8.

3.4. Isotherms, kinetics, and thermodynamics studies

To investigate the sorption isotherm of 3D/GO@AA-AGE/
PG, several mathematical models have been described. Here, 
Langmuir [23], Freundlich [24], Temkin [25], and Dubinin–
Radushkevich [26] are the generally used models to eval-
uate the adsorption mechanism of 3D/GO@AA-AGE/PG, 
which is expressed by the following equation:

 
Fig. 4. Thermogravimetric analysis curves of the (a) GO@
AA-AGE/PG and (b) 3D/GO@AA-AGE/PG.

 
Fig. 5. (a) N2 adsorption–desorption isotherm and (b) Brunauer–
Emmett–Teller plot of 3D/GO@AA-AGE/PG.
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Langmuir isotherm: 
C
q K q

C
q

e

e L

e� �
1

max max

	 (3)

Freundlich isotherm: ln ln lnq
n

C Ke e F� �
1 	 (4)

Temkin isotherm: q B C B Ke e T� �ln ln 	 (5)

Dubinin–Radushkevich isotherm: q qe � �� �max exp ��2 	 (6)

where qmax is the maximum sorption capacity of HA (mg/g), 
Ce is the concentration of HA at equilibrium (mg/L), qe is the 
equilibrium adsorption capacity of HA (mg/g). Moreover, 
KL (L/mg), KF (mg/g)(L/mg)1/n, and β (mol2/kJ2) are the 
Langmuir, Freundlich, and Dubinin–Radushkevich isotherm 
constant, respectively. Also, B  = RT/b and R (8.314  J/mol·K) 
is the universal gas constant, T (K) is the temperature, and 
b (J/mol) is the constant related to the heat of HA sorption. 
KT (L/g) and ε [=RTln(1 + 1/Ce)] (kJ/mol) are the Temkin con-
stant and the Polanyi potential, respectively. The calculated 

parameters of the isotherm models were listed in Table 4. The 
equilibrium data was fitted to the Langmuir isotherm model 
(R2  = 0.9969) and the maximum adsorption capacity of 3D/
GO@AA-AGE/PG was found to be 25.97  mg/L. According 
to the Freundlich isotherm model, the sorption mechanism 
will be desirable (1/n = 0–1).

To investigate the equilibrium time of the sorption mech-
anism, pseudo-first-order [27], pseudo-second-order [28], 
and intraparticle diffusion [29] kinetic models were eval-
uated. The equation of the kinetic models is expressed by 
the following equation:

Pseudo-first-order kinetic: log log
.

q q q
K t

e t e�� � � � 1

2 303
	 (7)

Pseudo-second-order kinetic: t
q K q

t
qt e e

� �
1

2
2 	 (8)

Intraparticle diffusion kinetic: q K t Ct i i� �1 2/ 	 (9)

where qt and Ci are the sorption capacity at time (mg/g) 
and intercept, respectively. K1 (min–1), K2 (g/mg·min), and Ki 

Fig. 6. Effect of (a) solution pH, (b) pHpzc, (c) amount of adsorbent, (d) contact time, and (e) temperature on humic acid adsorption 
to 3D/GO@AA-AGE/PG.
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(mg/g·min1/2) are the pseudo-first-order, pseudo-second-or-
der and intraparticle diffusion rate constant, respectively. 
As shown in Table 5, the sorption mechanism follows the 
pseudo-second-order kinetic model. Also, the effects of 
the three kinetic models for the adsorption of the HA onto 
3D/GO@AA-AGE/PG are indicated in Fig. S1.

To evaluate the sorption mechanism of the HA onto 3D/
GO@AA-AGE/PG, thermodynamic parameters of enthalpy 
change (ΔH°, J/mol), free energy change (ΔG°, J/mol), and 
entropy change (ΔS°, J/mol·K) were applied to express the 
thermodynamic behavior of the sorption of the HA onto 
the adsorbent. The parameters were computed by the fol-
lowing equations:

�G RT KL� � � ln 	 (10)

lnK S
R

H
RTL �

�
�

�� � 	 (11)

where KL is the thermodynamic equilibrium constant. The 
ΔS° and ΔH° can be calculated by plotting the lnKL and 
1/T as Fig. S2. The thermodynamics parameters of the HA 
onto nanoadsorbent were indicated in Table 6. The nega-
tive ΔG° values show spontaneous HA sorption to 3D/GO@
AA-AGE/PG at all three temperatures. The positive ΔS° 
value suggests an increase in the randomness of the liquid/
solid interface, with structural changes in the HA/3D/GO@
AA-AGE/PG system. The negative ΔH° value confirms the 
exothermic nature of the sorption procedures.

 
Fig. 7. Main effect of each factor by S/N ratios for different parameters: (a) pH, (b) amount of adsorbent, (c) contact time, and 
(d) temperature.

Table 3
Results of analysis of variance

Parameters DF SS MS P%

pH 2 21.350 10.675 14.066
Adsorbent dosage 2 50.978 25.489 33.587
Contact time 2 78.352 39.176 51.622
Temperature 2 1.097 0.548 0.723

Table 4
Calculated parameters of Langmuir, Freundlich, Temkin, and 
Dubinin–Radushkevich models

Model Parameter Value

Langmuir

qmax (mg/g) 25.97
KL (L/mg) 0.07
RL 0.13
R2 0.9969

Freundlich
n 1.70
KF (mg/g)(L/mg)1/n 2.16
R2 0.9598

Temkin
KT (L/g) 1.20
B 525.65
R2 0.9768

Dubinin–Radushkevich
β (mol2/kJ2) 1 × 10–7

qmax (mg/g) 11.25
R2 0.9127
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3.5. Reusability of 3D/GO@AA-AGE/PG

The regeneration and reusability of the 3D/GO@
AA-AGE/PG were studied (Fig. 9). For this test, the adsorp-
tion/desorption test was done under optimized conditions. 
3D/GO@AA-AGE/PG after use was washed with 10  mL 
methanol. After that, ten consecutive cycles were done with 
the same method, and the data shown that the adsorp-
tion capacity of the 3D/GO@AA-AGE/PG had a negligible 

decrease in adsorption efficiency (100%–80%). The decrease 
in adsorption capacity after five cycles by 30% is related to 
bond breaking. Accordingly, this shows the high efficiency 
of the prepared 3D/GO@AA-AGE/PG for the removal of 
HA from aqueous solutions.

3.6. Analysis of real samples

Application of the developed technique was done by 
different water samples. The preparation of water samples 
were explained in the 2.7 section. The obtained data are listed 
in Table 7. Water samples were carried out by spiked HA. 
The obtained data were listed in Table 7 with the removal 
percentage for HA from the water sample ranged from 

 
Fig. 8. (a) Optimum performance and (b) significant interaction for each factor.

Table 5
Calculated parameters of pseudo-first-order, pseudo-second- 
order, and intraparticle diffusion models

Model Parameter Value

Pseudo-first-order model
qe (mg/g) 10.65
K1 (min–1) 0.03
R2 0.9668

Pseudo-second-order model
qe (mg/g) 14.66
K2 (g/mg·min) 0.002
R2 0.9968

Intraparticle diffusion model
Ki (mg/g·min1/2) 0.94
Ci (mg/g) 2.45
R2 0.9848

Table 6
Thermodynamics parameters for the adsorption of humic acid

Adsorbent Temperature 
(K)

ΔH° 
(J/mol)

ΔS° 
(J/mol·K)

ΔG° 
(J/mol)

3D/GO@
AA-AGE/PG

298

–6,379.58 11.99

–9,954.04
308 –10,073.9
323 –10,253.8
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81.59% to 86.29%, which shown that this procedure can 
be satisfactorily applied to the removal of HA in environ-
mental water samples.

3.7. Comparison of adsorption capacity with other nanoadsorbents

Table 8 lists the comparison of adsorption capacity of var-
ious adsorbents for HA removal. The adsorption capacity of 
3D/GO@AA-AGE/PG used in the present study is compara-
ble with some other reported nanoadsorbents [30–33]. It can 
be concluded that GO/Fe3O4 and AA-AGE had a synergistic 
influence on HA removal in 3D/GO@AA-AGE/PG. These 
all exhibit that 3D/GO@AA-AGE/PG is a more appropriate 
and promising nanoadsorbent for treating water samples 
contaminated with HA.

4. Conclusion

In summary, a novel 3D/MNPs were prepared by sur-
face modification of GO with AA and AGE as modifiers, 
and their sorption mechanisms for HA were studied. The 
FT-IR, FE-SEM/EDX, and TGA analyses were used to char-
acterize the chemical composition and nanostructure of the 

nanoadsorbent from the proposed method. To minimize the 
number of experimental tests, energy and time, optimum 
solution pH, adsorbent dosage, temperature and contact time 
factors are obtained by the Taguchi method (L9). ANOVA 
shown that the most significant parameter was contact time 
with 51.62% contribution. The removal efficiency of HA 
(%R  > 58%) was obtained by using pH = 6, adsorbent dos-
age = 0.02 g, contact time = 120 min, and temperature = 25°C. 
The sorption mechanism could be well evaluated by the 
pseudo-second-order kinetic and Langmuir isotherm mod-
els. The thermodynamic data confirmed spontaneous, exo-
thermic, and favorable HA sorption to 3D/GO@AA-AGE/PG. 
Also, the nanoadsorbent shows excellent reusability in the 
adsorption–desorption cycles.

Supporting information

Additional supporting information may be found in 
the Supporting Information section at the end of the article.
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Symbols

R%	 —	 Removal of humic acid
qe	 —	 Adsorption capacity of humic acid
C0	 —	 Initial concentrations of humic acid
Ct	 —	 t time concentrations of humic acid
Ce	 —	 Equilibrium concentrations of humic acid
V	 —	 Volume of solution
W	 —	 Weight of nanoadsorbent
qmax	 —	 Maximum sorption capacity of humic acid
KL	 —	 Langmuir isotherm constant
KF	 —	 Freundlich isotherm constant
β	 —	 Dubinin–Radushkevich isotherm constant
R	 —	 Universal gas constant
T	 —	 Temperature
b	 —	� Constant related to the heat of humic acid 

sorption
KT	 —	 Temkin constant
ε	 —	 Polanyi potential
qt	 —	 Sorption capacity at time
Ci	 —	 Intercept
K1	 —	 Pseudo-first-order rate constant
K2	 —	 Pseudo-second-order rate constant
Ki	 —	 Intraparticle diffusion rate constant
ΔH°	 —	 Enthalpy change
ΔG°	 —	 Free energy change
ΔS°	 —	 Entropy change
KL	 —	 Thermodynamic equilibrium constant

 
Fig. 9. Reusability of 3D/GO@AA-AGE/PG.

Table 7
Different removal percentages of humic acid in the water 
samples (n = 3)

Sample Added 
(µg/mL)

Found 
(µg/mL)

RSD 
(%)

Removal 
(%)

Well water (Darakeh) 0.5 0.86 1.02 86.29
Well water (Manjilabad) 0.5 0.81 5.69 81.54

Table 8
Comparison of maximum adsorption capacity of several 
nanoadsorbents for removal of humic acid

Nanoadsorbent Adsorption 
capacity

References

ZnO nanoparticle 0.81 [30]
Base-treated PAC 7.60 [31]
Natural maifan stone 1.00 [32]
Acid-activated Greek bentonite 10.75 [33]
3D/GO@AA-AGE/PG 13.31 Present study
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Supporting information

Fig. S1. Kinetics curve for the sorption of humic acid on 3D/GO@AA-AGE/PG: (a) pseudo-first-order model, (b) pseudo- 
second-order model, and (c) intraparticle diffusion model (adsorbent dosage, 0.015 g; temperature, 25°C; initial concentration: 
20 mg/L; pH 6).

 

Fig. S2. Plot of lnKL and 1/T.
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