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A B S T R A C T   

A novel reduced graphene oxide (RGO) synthesis using Verbena officinalis as a green, reducing agent was out- 
reaching. RGO was encapsulated in sodium alginate (SA) by cross-linking (SA-RGO beads). SA-RGO beads 
have been used to treat olive mill wastewater (OMWW). This effluent is rich in phenolic compounds that inhibit 
biological degradation and are toxic at high concentrations. The newly prepared SA-RGO beads were charac-
terized by scanning electron microscopy (SEM),energy-dispersive X-ray spectroscopy (EDS), X-ray diffractometer 
(XRD), BET surface area analyzer, and Fourier transforms infrared spectroscopy (FTIR). In addition, the organic 
compounds of Verbena officinalis were determined by HPLC to reveal the reduction mechanism of graphene oxide 
(GO). Finally, batch and fixed-bed column adsorption tests were performed to assess the performance of SA-RGO 
beads. The kinetics, isotherm models and adsorption thermodynamics show that the pseudo-second-order and 
Freundlich best present phenol adsorption and the endothermic reaction. Thomas and Yoon-Nelson’s models 
satisfactorily described fixed-bed column adsorption. The optimized adsorption parameters were 3.68 g L− 1 of 
adsorbent dosage, pH of 4.0, adsorption time of 135 min, and temperature of 25 ◦C. The reusability of SA-RGO 
beads and regeneration experiments with HCl (0.5 M) were performed in fixed-bed reactors. The results showed a 
phenol adsorption capacity of 994 mg g− 1 for an initial concentration of 4000 mg L− 1.   

1. Introduction 

The olive sector is an important industry, especially in the Mediter-
ranean region. However, olive oil production gives large amounts of by- 
products, including olive pomace (30 %) and olive mill wastewater 
(OMWW), with negative environmental effects (Duarte et al., 2014; 
Atallah et al., 2019a; Ayeda et al., 2019). 

OMWW is an environmental pollutant characterized by its strong 
high turbidity, unpleasant odor, acidic pH and high chemical oxygen 
demand (COD = 3500–85,000 mg L− 1) (Lissaneddine et al., 2021). In 
addition, this effluent contains many organic materials, such as organic 
acid, phenolic compounds ranging from 600 to 25,000 mg L− 1, poly-
saccharides, etc (Ioannou-Ttofa et al., 2017; Atallah et al., 2019a). 
Phenolic pollutants are classified by the U.S. Environmental Protection 

Agency (USEPA) as priority pollutants because of their acute toxicity, 
bio-recalcitrant nature, and toxic effects on animals and humans and 
remain in the aquatic environment over a very long period. In addition, 
phenolic compounds regularly enter water bodies from domestic, agri-
cultural and industrial activities. Therefore, phenolic compounds such 
as phenols and chlorophenols have been classified as toxic phenolic 
pollutants (Kilic et al., 2019; Coskun et al., 2010; Rout and Jena, 2022). 

Many techniques have been applied to recover phenolic molecules 
from OMWW, particularly electrolysis, chromatography, membrane 
system and extraction methods (Ceccon et al., 2001; Paraskeva et al., 
2007). However, some of these methods show disadvantages in high cost 
and low toxicity reduction (Zaharaki and Komnitsas, 2018; Atallah 
et al., 2019a). Generally, the adsorption method is considered a prom-
ising method for wastewater treatment because it has many advantages 
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over other methods, such as cost-effectiveness, high removal efficiency, 
insensitivity to toxic pollutants, operational and design simplicity, 
application flexibility and non-toxic end products (Rout and Jena, 2022; 
Sun et al., 2019; Aziz et al., 2020). 

Several adsorbents are applied to recover phenol from the waste-
water, including carbon sorbents, polymer matrix composites, and 
mineral zeolites (Aly et al., 2018; Ververi and Goula, 2019; Vavouraki 
et al., 2020). Carbon-based adsorbents, such as graphene, are the most 
effective material due to their large surface area, chemical stability, 
abundant active sites, and low cost. In addition, graphene has a 
two-dimensional carbon nanostructure with sp2 bonding and a C––C 
conjugate ring structure (Geim and Novoselov, 2007). 

Currently, research is focused on reduced graphene oxide (RGO) 
instead of graphene due to its strong chemical interaction, surface area, 
porosity and pH, etc. The reduced graphene oxide structure has 
graphitic domains containing residual oxygen functionalities, defect 
sites and π-electronic domains; all its properties allow the capacity of 
RGO as a sorbent for wastewater treatment containing organic mole-
cules (Gupta and Khatri, 2017). The common method for graphene oxide 
(GO) reduction is chemical exfoliation by oxidation of graphite and the 
GO reduction mechanism (El Din Mahmoud, 2020). Many chemical 
reducing agents have been employed, such as hydroquinone (C6H6O2), 
sodium borohydride (NaBH4), di-methylhydrazine (C2H8N2), hydrazine 
(N2H4-H2O) and hydrogen sulfide (H2S). However, these reducing 
agents are toxic and dangerous to humans and the environment (Weng 
et al., 2019). Therefore, environmentally friendly reduction processes 
are applied using green reducers extracted from the plant as they are 
non-toxic and low-cost. In addition, extracts from plant material can 
reduce GO due to the presence of various photochemical compounds. 
This study used Verbena officinalis leaf extract for GO reduction for the 
first time. 

Generally, due to the low granulometry of adsorbents, their use in 
the fixed-bed column process has some drawbacks, such as the problem 
of bed compaction and an increase in the pressure drop. To overcome 
these disadvantages, their encapsulation with alginate-based hydrogels 
is an intriguing approach that has proven useful in continuous treatment 
(Aziz et al., 2020). Many studies currently use beads with alginate 
coatings on various adsorbents to be more effective and applicable for 
phenolic compound removal (Lissaneddine et al., 2021). Nadavala et al. 
(2009) used chitosan with calcium alginate mixed composite beads; 
Duarte et al. (2014) studied silica-alginate-fungus biocomposites. Kim 
et al. (2008) used alginate beads with activated carbon, and Jodra and 
Mijangos (2003) prepared composite beads based on calcium alginate. 
This work is the first study on the combined use of reduced graphene 
oxide with sodium alginate for the sorption of phenol from OMWW. 

This work aims to monitor the effectiveness of composite beads 
prepared from graphene oxide reduced by Verbena officinalis as an eco- 
friendly sorbent for treating the OMWW. FTIR, SEM, EDS, and XRD 
characterized the prepared beads. Adsorption parameters of phenol on 
SA-RGO beads were studied, such as contact time, initial concentration 
and pH. In addition, the adsorption isotherm models, kinetic models and 
thermodynamic parameters are studied. The adsorption tests in a fixed- 
bed reactor were performed, and Kinetic models were used to analyze 
the adsorption process. Finally, HCl regeneration was performed to 
assess the reusability of SA-RGO beads in a fixed-bed column. 

2. Materials and methods 

2.1. Materials 

OMWW treated in this work was collected in the Marrakech-Safi 
region of Morocco. Fresh OMWW samples were taken from extraction 
in a three-phases process and then stored at 20 ◦C. Sigma-Aldrich pro-
vided all chemicals applied in this study. 

2.2. Physic-chemical characterization of OMWW 

A Hanna HI 9829 probe determined the pH and electrical conduc-
tivity measurements. According to the standard, AFNOR T 90-101 
determined the chemical oxygen demand (COD) in an acidic and 
warm environment by oxidation with potassium dichromate. Sulfate, 
nitrite, Kjeldahl nitrogen, nitrate and total phosphorus were estimated 
according to AFNOR T90-023, AFNOR T90-013, AFNOR T90-110, 
RODIER (1984), and AFNOR T90-022, respectively. Caffeic acid was 
used as a standard in the Folin-Ciocalteu method for estimating phenol 
concentration (Singleton and Rossi, 1965). 

2.3. Preparation of GO 

GO was prepared from graphite by applying the modified Hummer 
method (Aunkor et al., 2016). The detailed procedure followed a 
quantity of 1 g of graphite powder was intermingled with 25 mL of 
sulfuric acid (H2SO4) and a mass of 0.5 of sodium nitrate (NaNO3) was 
added to the solution, then a slow addition of 3 g of potassium per-
manganate (KMnO4) in 2 h. The mixture was stirred into an ice bath. The 
solution was kept for 2 h at a temperature of 35 ◦C. Next, 50 mL of 
distilled water was poured into the solution slowly under stirring and at 
a temperature of 95 ◦C for 30 min, followed by the direct addition of 400 
mL of distilled water. Next, 5 mL of hydrogen peroxide 30 % (H2O2) was 

Fig. 1. Representation’ steps of the preparation of RGO.  

Fig. 2. A schematic representation of the preparation of SA–RGO beads.  
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added slowly under vigorous stirring. The GO was centrifuged and 
washed with distilled water and hydrochloric acid (HCl) 0.5 N. Finally, 
the GO powder was air-dried. 

2.4. Green synthesis of RGO using extracts from Verbena officinalis 

The aqueous extract of Verbena officinalis was prepared using the 
plant leaves (2 g). First, they were surface cleaned with running water 
and added 20 mL of 60 ◦C distilled water for 5 min. This extract was 
filtered by Millipore filter (0.45 µm). First, 100 mg of GO was mixed with 
distilled water (100 mL), then 12 mL of Verbena officinalis extract solu-
tion was added. Next, the suspension was stirred for 3 h at 25 ◦C. After 
reduction, the suspension was centrifuged at 3000 rpm. A reduced 
graphene oxide (RGO) was thus obtained and washed with distilled 
water several times and air-dried. Fig. 1 shows the RGO preparation 
steps. 

2.5. Preparation of the SA-RGO beads 

The SA-RGO beads preparation has been done following the cross- 
linking process (Fig. 2). First, an immediate solution of the sodium 
hydrogel alginate (2 %) at 30 ◦C was prepared. Then, a homogeneous 
dispersion was prepared under stirring (2 h) by mixing RGO powder 
(2 %) with alginate. Finally, the solidification of the beads consisted of 
pouring the secondary mixture into a calcium chloride (CaCl2) 20 % 
cross-linking solution. The resulting SA-RGO beads were washed water 
and stored in ultrapure water. 

2.6. Characterization of SA-RGO beads 

Fourier transform infrared spectroscopy was used to examine the 
chemical functions in RGO and SA-RGO beads using KBr pellets in a 65 
spectrum of ALPHA-P, Germany, in the frequency range from 400 to 
4000 cm− 1. The physicochemical characteristics of the SA-RGO beads 
were studied using XRD. Morphological characteristics of SA-RGO beads 
and RGO were determined by scanning electron microscopy (JSM- 
5900LV, Japan). The pHPZC (point of zero charges) was determined by 
Lopez-Ramon et al. (1999). This method consists in introducing a 
quantity of SA-RGO beads in the phenol solution (25 mL) at various 
initial pH, under agitation (3 h) at a temperature of 25 ◦C. The BET 
method was used to calculate the specific surface area (SBET) and the 
total volume (VT) of SA-RGO beads that had been previously outgassed 
and assessed by nitrogen adsorption at − 196 ◦C (via a Micromeritics 
ASAP 2020 surface analyzer system). The average pore radius (r-) was 
calculated from (Eq. (1)) (Lawal et al., 2020): 

r− (nm) =

(
2VT

SBET

)

× 103 (1)  

2.7. UHPLC of Verbeinea officinalis 

HPLC analysis was used to detect Verbeinea officinalis elements. The 
analysis was performed in an Ultimate 3000 (Dionex, CA, USA), con-
sisting of a sample changer (WPS 3000 TSL), a quaternary pump (HPG 
3400 RS), and a column oven (TCC 3000). This method used a reverse 
phase column with the following dimensions 250 × 4.6 mm, particle 
size 2.6 µm (CA, USA). Gradient separation using solvent A (formic acid 
solution 0.1 %) and solvent B (methanol) was performed according to 
the protocol of Zefzoufi et al. (2021). Chromatographic profiles were 
performed in a 280 nm wavelength and UV-Vis spectra were recorded in 
the 200–400 nm range. 

2.8. Adsorption studies 

2.8.1. Batch adsorption 
For batch adsorption, a mass of SA-RGO beads (4 g) was mixed with a 

volume of 25 mL of phenol solution in 50 mL conical flasks under stir-
ring at 200 rpm for the equilibration time. To determine the phenol 
concentration, samples were taken from the flasks every 15 min. After 
the kinetic experiments, the impact of concentration (10, 30, 100, 300, 
700, 1000, 2000, 3000 and 4000 mg L− 1) and pH (2, 4, 6, 8, 10, and 12) 
on the phenol adsorption process on SA-RGO beads was examined. The 
pH adjustment is made either by HCl (0.1 M) or NaOH (0.1 M). 

The adsorption capacity was determined according to equation (Eq. 
(2)): 

q =
(C0 − Ct)

m
V (2)  

where, Co is the initial concentration (mg L− 1), Ct is the concentration 
after a certain time of contact with SA-RGO beads (mg L− 1), V is the 
volume of phenol solution (L) and m is the amount of SA-RGO beads (g). 

2.8.2. Column experiments 
The fixed-bed column tests were performed through a column of 

0.5 cm in diameter and 50 cm in height. Fig. 3 shows the implementa-
tion of the fixed-bed column. First, breakthrough curves were plotted 
every 15 min for 150 min until saturation of the SA-RGO beads sites. 
Different process parameters at which the column study was performed 
were the flow rates of real effluent of OMWW (0.5, 1.5 and 3 mL min− 1) 
and the height of the SA-RGO beads (Z = 15, 25 and 35 cm). The results 
were then subjected to linear regression analysis of Adams-Bohart, 
Thomas, Wol-borska, and Yoon-Nelson kinetic models to determine 
the fit of the experimental data to the models used. Next, OMWW was 
pumped into the column using a peristaltic pump (Fig. 3). 

2.8.3. Batch and fixed-bed column data analysis 

2.8.3.1. Dynamic batch adsorption models. Langmuir and Freundlich’s 
adsorption isotherm models were applied in this study to explain the 
adsorption phenomena of phenol on SA-RGO beads. Table 1 presents the 
equations of the isotherm models. 

Fig. 3. Fixed-bed column implementation.  

Table 1 
Freundlich and Langmuir Isotherm.  

Isotherm model Equation Eq. no. Ref. 

Freundlich logqe = logKF +
1
n

logCe 
(3) (Freundlich, 1906) 

Langmuir Ce

qe
=

Ce

qm
+

1
KLqm 

(4) (Langmuir, 1916) 

Ce the equilibrium concentration of phenol (mg L− 1); qm the maximum 
adsorption capacity (mg g− 1); qe the equilibrium adsorbed amount (mg g− 1); KL 
the Langmuir isothermal constant (L mg− 1); n adsorption intensity. 
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Pseudo-first-order, pseudo-second-order, and intra-particle diffusion 
kinetic models were used in the experimental results to explain the 
adsorption of phenol. The equations of the kinetic models are given in  
Table 2. 

Thermodynamic studies have been conducted to determine whether 
an adsorption mechanism is exothermic, endothermic, or spontaneous. 
The standard entropy ΔS◦ (J mol− 1 K− 1) change, gibbs energy ΔG◦

(kJ mol− 1), and standard enthalpy ΔH◦ (kJ mol− 1) change, KC is the 
thermodynamic distribution coefficient (Table 3). 

2.8.3.2. Dynamic column adsorption kinetics models. Four kinetic models 
were applied to explain the experimental results: Adams-Bo-hart, 
Thomas, Wol-borska and Yoon-Nelson. The linear form of the equa-
tions is presented in Table 4. The root mean square error (RMSE) anal-
ysis was performed to firm up the best kinetic model (Eq. (12)). 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑(

ypred − yexp
)22

√

(12)  

2.9. Desorption 

In order to control the reuse of SA-RGO beads, desorption tests are 
performed. First, after a series of real effluent of OMWW treatment, the 
SA-RGO beads were loaded with phenolic compounds. The initial con-
centration was 3274.28 mg L− 1 for a contact time of 150 min and at 
25 ◦C. Then, the adsorbent was washed with HCl (0.5 M) for 135 min. 
Then, the SA-RGO beads were reused again for four cycles of adsorption. 
This desorption cycle was performed after each adsorption cycle. 

Table 2 
Pseudo-frst-order, Pseudo-second-order, and intra-particle diffusion kinetic models equations.  

Kinetic model Equation Eq. no. Ref. 

Pseudo-frst-order  

ln(qe − qt) = lnqe − K1t   

(5) (Subramanyam 
and Das, 2009) 

Pseudo-second-order t
qt

=
1

K2q2
e
+

t
qe 

(6) (Subramanyam 
and Das, 2009) 

Intra-particle Diffusion qt = Kidt0.5 + C (7) (Weber et al., 
1963) 

qt adsorption capacity at each time point (mg g− 1); K1 pseudo-first-order kinetic model rate constant (min− 1); K2 pseudo-second- 
order kinetic model rate constant (g mg− 1 min− 1); Kid (mg− 1 min− 1/2) the intra-particle diffusion rate constant and C (mg g− 1) is 
a constant defining the boundary layer thickness. 

Table 3 
Thermodynamic parameters.  

Equation Eq. no. 

ΔG = − RTlnKc (8) 
ΔG = ΔH0 − TΔS0 (9) 

lnKc = −
ΔH
RT 

+
ΔS
R 

(10) 

Kc =
qe

Ce 

(11)  

Table 4 
Adams-Bo-hart, Thomas, Wol-borska and Yoon-Nelson kinetics models 
equations.  

Model Equation Eq. 
no. 

Ref. 

Adams- 
Bohart 

ln
Ct

C0
= KABC0t − KABN0

Z
U0 

(13) (Chittoo and Sutherland, 
2019) 

Thomas 
ln
(

C0

Ct
− 1

)

=
KThqem

Q
−

KThC0t 

(14) (Patel, 2019) 

Wol-borska ln
Ct

C0
=

βC0

N0
t −

βZ
U0 

(15) (Patel, 2019) 

Yoon- 
Nelson ln

(
Ct

C0 − Ct

)

= KYNt −

τKYN 

(16) (Patel, 2019) 

KAB is Adams-Bohart model constant (L mg− 1 min− 1); Z is bed height (cm); N0 is volumetric sorption capacity (mg L− 1); U0 is 

solution velocity through the packed column (cm min− 1); KTh is Thomas model constant (mL min− 1 mg− 1); m is the mass of SA-RGO beads packed in 

column (g); β is the kinetic coefficient of external mass transfer (mn− 1); qe is maximum dye uptake (mg g− 1); τ is the time to adsorb 50 % phenol 

(min) and KYN is the Yoon-Nelson rate constant (min− 1). 

Table 5 
Physic-chemical characterization of OMWW.  

Parameters (Unit) OMWW 

pH 4.6 
Electrical Conductivity (mS cm− 1) 20 
COD (g-O2 L− 1) 101.24 
Total phosphorus (mg L− 1) 0.54 
Orthophosphate (mg L− 1) 1.69 
Nitrite (mg L− 1) 0.012 
Sodium (mg L− 1) 315 
Potassium (mg L− 1) 5810 
Ammoniacal nitrogen (mg L− 1) 0.212 
Kjeldahl nitrogen (NTK) (mg L− 1) 205 
Sulfate (mg L− 1) 2009.2 
Nitrate (mg L− 1) 0.312 
Total phenol (mg L− 1) 3274.28  

Fig. 4. FTIR spectra of GO (a), RGO (b), SA-RGO beads before (c) and after (d) 
and adsorption of the phenolic compounds. 
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3. Results and discussion 

3.1. Physic-chemical characterization of OMWW 

Table 5 shows the physicochemical parameters of OMWW, and this 
effluent is characterized by acidic pH of 4.6 and electrical conductivity 
of 20 mS cm− 1. Similar results were obtained in previous studies (Lis-
saneddine et al., 2021; Bouknana et al., 2014; Dehmani et al., 2020; 
Haydari et al., 2022). Furthermore, the high value of the chemical ox-
ygen demand (COD) (101,24 g O2 L− 1) indicates the presence of toxic 
compounds (Vuppala et al., 2021) and phenolic compounds 
(3274.28 mg L− 1). In addition, the characterization of OMWW showed 
the presence of inorganic loadings such as sodium (315 g L− 1) and po-
tassium (5810 mg L− 1). 

3.2. Characterization of the SA-RGO beads 

Fig. 4 shows the FTIR spectra of GO (a), RGO (b) and SA-RGO before 
(c) and after (d) adsorption. In the GO spectrum, the peaks are the 
stretching of the hydroxyl function -OH (3380 cm− 1), epoxide group C-O 
(1100 cm− 1), C–––C stretching (2320 cm− 1), C––C vibrations 
(1520 cm− 1, and C––O stretching of carbonyl (1640 cm− 1) (Moon et al., 
2010). The exitance of these oxygen-containing functions validated the 
oxidation of graphite to GO. In addition, the disappearance of carbonyl 
and hydroxyl functions in the FTIR spectra of the RGO, approving the 
reduction of GO to RGO. The RGO spectrum shows the presence of other 

bands such as C-O epoxide stretching (1150 cm− 1), C––C stretching 
(1520 cm− 1) and C–––C stretching (2310 cm− 1). FTIR spectra of SA-RGO 
(Fig. 4c), the peak at 3410 cm− 1 is awarded to oxygen and hydrogen 
stretching. Other bands were observed around 2920 cm-1, which can be 
generated through aliphatic C-H vibrations. The peak at 2850 cm− 1 is 
attributed to -O-CH3 or two bands for the aldehyde group R− CH––O 
(Ahmad et al., 2007). The bands at 1020 and 1610 cm− 1 can be due to 
the alcoholic groups and C––C stretching for unsaturated aliphatic forms 
(Bandosz and Block, 2006). After the adsorption process (Fig. 4d), a peak 
was observed at 3408 cm− 1; it is attributed to OH stretching vibrations 
(carboxylic acids, alcohols and phenols). The peak at 1590 cm− 1 can be 
assigned to amine and/or carboxylate, and the peak at 1300 cm− 1 cor-
responds to C-H of CH3 groups or COO antisymmetric stretching. The 
band at 1020 cm− 1 is due to carbohydrates of polysaccharides. The 
bands at 1710 cm− 1 can be assigned to the symmetric COO stretching 
bands of the alginate molecule (Ahmad et al., 2007). 

The XRD pattern of SA-RGO before and after phenol adsorption is 
shown in Fig. 5. These diffractograms indicate a typical amorphous 
nature, suggesting that the phenol molecules diffuse into the micropores 
and macropores of SA-RGO. A significant difference was observed in the 
intensity of peaks in the XRD spectrum before and after phenol 
adsorption. The intensity of the diffraction peaks decreased in SA-RGO 
adsorbed by phenol. The result suggests that phenol-adsorbed SA-RGO 
may not induce bulk phase changes (Arulkumar et al., 2011). The 
decrease in peak intensity after adsorption also indicates that the phenol 
molecules began to fill the pores as the adsorption progressed (He et al., 
2022). 

SEM images of the RGO and SA-RGO beads are shown in Figs. 6a and 
6b. Alginate and CaCl2 can establish a rigid structure on the alginate that 
generates hollow ions to calcium to join, each ion of which can bind to 
four units. The design represents the ionotropic gelation of alginate and 
is named the "egg box" model (Aziz et al., 2020). 

Fig. 6a shows a less homogeneous and porous surface than the sur-
face of the SA-RGO beads, exhibiting a distorted and intertwined 

Fig. 5. XRD of SA-RGO beads before and after adsorption.  

Fig. 6. SEM of RGO (a) and SA-RGO beads (b).  

Table 6 
EDS of GO, RGO and SA-RGO beads.  

Element GO RGO SA-RGO beads 

Atomic % Atomic % Atomic % 

C 51.15 73.56 16.59 
N 3.94 0.02 00.00 
O 43.59 21.16 45.47 
Ca 00.00 00.00 34.00 
Na 00.00 0.56 2.26 
S 1.32 2.63 00.00 
Cl 00.00 2.07 1.69 
Totals 100 100 100  
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structure (Fig. 6b). This structure is useful because it improves the me-
chanical strength of the SA-RGO beads and promotes high porosity 
(Yuney et al., 2020). In addition, RGO encapsulation increases the 
specific surface area of the SA-RGO beads and the active adsorption site, 
which is crucial to promote the adsorption capacity of phenol. There-
fore, the porous surface organization should be considered an agent for 
expanding the surface area and permeability of the composite beads. In 
addition, these cavities facilitate pore diffusion upon adsorption due to 
the large internal specific surface area with low diffusion resistance in 
the composite beads (implying advanced adsorption potential and rate). 
This micrograph’s porous nature is evident (Aziz et al., 2020). 

To determine the % yield of GO using Verbena officinalis, based on the 
EDS results presented in Table 6. The O:C ratio of GO synthesized by the 
modified hummer’s method was 0.85. In addition, the O:C ratio of 
prepared SA-RGO beads was 0.28. These results indicate the successful 
application of Verbena officinalis extracts as a reducing agent for 
removing oxygen functional groups. However, this ratio is always var-
iable for other green RGO synthesis work depending on the synthesis 

process and the original GO state (Rout and Jena, 2022). 
The textural characteristics of the SA-RGO beads are presented in  

Table 7. The specific surface area (SBET) of beads was 1030 m2 g− 1. In 
addition, the total pore volume (VT) value was 1.09 cm3 g− 1. Yuney 
et al. (2020) activated the olive cake by CuO and reported SBET and VT 
values of 536.55 m2 g− 1 and 0.0678 cm3 g− 1, respectively. The average 
value of r- was 2.11 nm. These results show the higher adsorption ca-
pacities of SA-RGO beads. The application of resource-saving technol-
ogies, such as adsorption using locally available materials and resource 
recovery to obtain value-added products (e.g., phenol), will not only 
facilitate the removal of harmful contaminants from water or waste-
water but will also be cost-effective on an industrial scale (Aziz et al., 
2020). 

Fig. 7 shows that the pHzpc (point of zero charges) of SA-RGO beads 
is 3.2. At pH values above 3.2, the charge of SA-RGO beads is negative; 
at pH values above 9.89, the dominant charge of phenol is negative. The 
negative charge of SA-RGO beads and phenol at basic pH is the reason 
behind the appearance of the electrostatic repulsion forces between 
them, implying weak adsorption. In addition, there is no electrostatic 
repulsion force at acidic pH, which increases the adsorption efficiency. 
Therefore, it seems that at basic pHs, the phenol ions compete to occupy 
the surface of SA-RGO beads, which may decrease adsorption efficiency 
(Li et al., 2009). 

3.3. Reduction mechanism: phytochemistry 

The chromatographic profile (Fig. 8) shows the presence of major 
phenolic compounds that may be involved in the green synthesis of GO. 
Mass (m)/charge ratios (z) and retention times were applied to deter-
mine five bio-compounds. Table 8 presents the identified phytochemical 
compounds found in Verbeinea officinalis studied. They are: Verbenalin 
(RT = 5.06 min), Apigenin-7-O-glucoside (RT = 15.32 min), Apigenin 
7-O-diglucuronide (RT = 18.38 min), Verbascoside (RT = 21.8 min) 
and Apigenin (RT = 26.18 min). The other detected phytochemicals 
belong to the flavonoids. All these organic molecules play a veritable 
role in GO reduction (Mahmoud et al., 2022). Flavonoids are more often 
recognized as important contributors to the reducing ability of Verbena 

Table 7 
Textural characteristics of SA-RGO beads.  

Parameters SBET (m2 g− 1) Total pore volume (cm3 g− 1) r- (nm) 

Value  1030  1.09  2.11  

Fig. 7. Point of zero charges of SA-RGO beads.  

Fig. 8. Profile chromatographic of Verbeinea officinalis powder at 280 nm.  

Table 8 
Identified phytochemical compounds found in Verbeinea officinalis by UHPLC.  

No RT Λmax (nm) m/z 
(M- 
H)- 

Proposed compound Molecular 
formula  

1 5.06 -  387.1 Verbenalin C17H24O10  

2 15.32 266.336  431.1 Apigenin-7-O-glucoside C21H20O10  

3 18.38 267.336  621.4 Apigenin 7-O-diglucuronide C27H26O17  

4 21.8 280  622.1 Verbascoside C29H35O15  

5 26.18 266.336  269.1 Apigenin C5H10O5  
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officinalis (Bhattacharya et al., 2017). 

3.4. Adsorption results 

3.4.1. Batch adsorption 

3.4.1.1. Effect of initial concentration. Initial concentration is one of the 
most important factors affecting the adsorption process. The driving 
force provided by the initial concentration of phenol allows controlling 
the mass transfer resistances between the liquid and the solid phase (Lin 
and Juang, 2009). A series of concentrations: 10, 30, 100, 300, 700, 
1000, 2000, 3000 and 4000 mg L− 1, were performed for 180 min 

The performance of the SA-RGO beads in the function of the phenol’s 
initial concentration is presented in Fig. 9. The figure shows an increase 
in adsorption capacity from 4.85 to 994.75 mg g− 1 with an increase in 
initial concentration from 10 to 4000 mg L− 1. A similar increasing trend 
is noted for phenol adsorption, which is consistent with the results of 
Yuney et al. (2020), and Ververi and Goula (2019). This increase in 
adsorption capacity can be likened to a higher driving force to control 
the transfer resistance of phenol between the solid and liquid phases, 
causing a higher possibility of adsorbent-adsorbent collision (Ververi 
and Goula, 2019). As an explanation, Mohd Din et al. (2009) suggested 

that when the adsorbent surface was nearly saturated with adsorbate, 
the second phenomenon of intra-particle diffusion would be initiated, 
slowly increasing the adsorbate adsorption operation. 

3.4.1.2. Effect of contact time. Fig. 10 presents the effect of contact time 
on the adsorption mechanism of phenolic compounds in SA-RGO beads. 
The equilibrium adsorption time was 135 min. At this stage, the 
adsorbate concentration is stabilized in the solution and does not cause 
any change. However, the adsorption rate before the equilibrium time is 
fast due to the many adsorption sites available on the surface of SA-RGO 
beads. In addition, the amount of phenolic compounds accumulated on 
the SA-RGO bead’s surface increases rapidly. Then, the remaining sites 
are difficult to occupy as repulsive forces increase between the adsorbate 
bound to the bulk phase and the solid surface. Moreover, phenolic 
compounds are small molecules that can be penetrated the internal 
pores, which decreases the driving force of mass transfer between the 
liquid and solid phases over the contact time (Allen et al., 2005). 
Obviously, after 135 min, the phenolic molecules encounter great 
resistance to diffuse into the internal pores, so this step is slower (Allen 
et al., 2005; Achak et al., 2009). Therefore, the equilibrium time varied 
depending on the adsorbate and the nature of the adsorbent’s surface 
studied and according to the adsorption study. The equilibration time of 
phenolic compounds on SA-RGO beads was faster (120 min) than other 
adsorbents studied, such as banana peel (3 h) (Achak et al., 2009), 
activated carbon (4 h) (Azzam et al., 2004), wheat husk (5 h) (Jagwani 
and Joshi, 2014), coconut shell (5 h) (Mohd Din et al., 2009), and wheat 
bran (4 h) (Achak et al., 2014). In contrast, Ververi and Goula (2019), 
who studied the adsorption of phenol on the by-products of pome-
granate peel and orange juice, found an equilibrium time of 20 min 

3.4.1.3. Effect of pH. The pH is a significant factor in the adsorption 
mechanism. Alteration of the solution pH leads to changes in the 
external surface characteristics of the adsorbents, which influences the 
electrostatic interaction between the phenol molecules and the surface 
of SA-RGO beads. In addition, the hydrogen ion dissociation of phenolic 
compounds strongly depends on the pH (Achak et al., 2009). Therefore, 
to determine the pH effect on the adsorption mechanism, several tests 
were conducted in a pH range from 2.0 to 12.0 while keeping the other 
adsorption factors constant, such as initial concentration (4000 mg L− 1), 
temperature (25 ◦C) and contact time (180 min). 

Fig. 11 displays that the adsorption capacity of phenolic compounds 
decreased with increasing pH; it decreased from 1024.84 to 
189.73 mg g− 1 when the pH increased from 2 to 12. The pH of the so-
lution exceeds 4.0, and the adsorption capacity of phenol decreases 

Fig. 9. Initial concentration effect.  

Fig. 10. Contact time effect.  

Fig. 11. Effect pH.  
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sharply because, at basic pH, the repulsive force between the surface of 
SA-RGO beads and phenolic ions is higher, resulting in low removal. In 
addition, the solubility of phenol increases with decreasing pH values 
(Lissaneddine et al., 2021). As the phenol’s pKa is 9.8, its protonated 
form is predominant between acid and neutral pH. The protonated form 
is preferable to be adsorbed on the surface of SA-RGO beads than the 
non-protonated form. These reasons explain the increase in adsorption 
capacity when the pH decreases. Similar results were obtained by Tha-
wornchaisit and Pakulanon (2007), Sun et al. (2019), and Al Bsoul et al. 
(2020), and Tahermansouri et al. (2015). They reported that the highest 
adsorption capacity is obtained in acidic media. 

3.4.1. 4. Adsorption isotherms. Table 9 shows the parameters of the 
three isothermal models used in this work. The correlation coefficient R2 

of the Freundlich model is high. This indicates that this model better 
describes the adsorption of phenol on SA-RGO beads compared to the 
other Langmuir model. 

The Freundlich model is based on assumptions, such as adsorption is 
assumed to be reversible, occurs on both homogeneous and heteroge-
neous surfaces and by both physical and chemical adsorption (Liu et al., 
2019). All adsorption sites are energetically identical, with a 
non-uniform heat distribution on the adsorbent surface; adsorption en-
ergy is distributed according to an exponential law as a function of the 
heat of adsorption. The parameters n and KF indicate the adsorption 
intensity and the adsorption capacity on SA-RGO beads, respectively; in 
this study Kf = 3.94 and n = 1.50. A higher value for 1/n shows that 
removing phenol with SA-RGO beads is favorable. Several types of 
research on the adsorption of phenolic compounds from OMWW have 

Table 9 
Equilibrium parameters for phenolic compounds adsorption.  

Model Parameters Value 

Langmuir qm (mg g− 1) 588 
KL (L/mg) 0.0021 
R2 0.570 

Freundlich KF (mg1− (1/n) L1/n g− 1) 3.94 
n 1.50 
R2 0.999  

Fig. 12. Modeling the sorption isotherm of phenolic compounds by Freundlich 
(a) and Langmuir (b). 

Fig. 13. Kinetic models: pseudo-first-order (a) and pseudo-second-order (b) 
kinetics models. 

Table 10 
Kinetic factors for the adsorption process of phenolic compounds.  

qe (exp) (mg g− 1) Pseudo-first-order Pseudo-second-order  

qe(cal) K1 R2 qe(cal) K2 R2 

994.759 1654.57 0.035 0.89 1111.1 3.4710− 5 0.994  
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found that the Freundlich model is the model that gives a better 
explanation of the adsorption prowess of phenol (Bertin et al., 2011; Ena 
et al., 2012; Chkili and Abderrabba, 2015; Achak et al., 2009; Ververi 
and Goula, 2019; and Vavouraki et al., 2020). Several similar studies on 
the removal of phenol show a low adsorption capacity, namely Lissa-
neddine et al. (2021) (68 mg g− 1), Allaoui et al. (2020) (161 mg g− 1), 
Göktepeli et al. (2021) (7.06 mg g− 1), Aly et al. (2018) (16.5 mg g− 1), 
Njimou et al. (2021) (92.75 mg g− 1), Elayadi et al. (2020) (57.5 mg g− 1) 
and Aliakbarian et al. (2015) (156.2 mg g− 1). However, this study shows 
a very high value of adsorption capacity (994 mg g− 1) (Fig. 12). 

3.4.1.5. Kinetic studies. The curves and kinetic parameters linked to the 
two pseudo-first-order and pseudo-second-order kinetic models are 
present in Fig. 13 and Table 10, while the corresponding fitted plot and 
parameters related to the intra-particle diffusion model are described in  
Fig. 14 and Table 11. Table 10 shows the regression results certified that 
the pseudo-second-order model with the highest correlation coefficient 
R2 (0.994) provides better results than the pseudo-first-order model for 
interpreting the kinetic adsorption data of phenolic compounds. More-
over, the equilibrium adsorption capacity of phenolic compounds 
calculated in the pseudo-second-order kinetic model qe 
= 1111.1 mg g− 1 is closer to the value of the experimental adsorption 
capacity qe = 994.759 mg g− 1 compared to that obtained from the 
pseudo-first-order model qe = 1654.57 mg g− 1. According to Achak 
et al. (2009), this result shows that chemisorption plays a role in the 
adsorption mechanism, which may be partly due to the hydrogen 
bonding between the active functional groups in the adsorbents and the 
hydroxyl groups of the phenolic compounds, and which may be the 
rate-limiting step. While the first and second-order kinetic equations 
cannot give an idea about the internal diffusion mechanism, the appli-
cation of the intra-particle diffusion kinetic model would be advanta-
geous in studying the transfer of adsorbed particles from the adsorbent 
solid surface to the internal pores (Abdi et al., 2017). If the plot of qt vs. 
t0.5 is a straight line that passes through the origin, the adsorption rate 
would be checked by intra-particle diffusion throughout the adsorption 

period. However, if the evolution shows more than one linear zone and 
the slope of the first zone is not zero, diffusion initially controls the 
adsorption rate (Hameed and Rahman, 2008). The other lines corre-
spond to the successive stages of mass transfer with decreasing veloc-
ities: intra-particle diffusion in the adsorbent’s macro, meso and 
micropores (Hameed and Rahman, 2008). Fig. 14 shows that the 
adsorption of phenolic compounds is composed of two linear zones, 
notable adsorption on the surface of SA-RGO beads and intra-particle 
diffusion. 

In addition, according to Table 11, the significant difference between 
the rate constant of the first Kid1 = 81.307 is greater than the second Kid2 
= 14.25, indicating that the greater amount of adsorption occurs 
initially by adsorption of phenolic compounds on the surface of SA-RGO 
beads due to the availability of active sorption sites (Anisi et al., 2021). 
Then, intra-particle diffusion of adsorbate particles to the sites of the 
inner surface of SA-RGO beads begins. This stage is considered the 
rate-limiting step of adsorption. Although the constants C1 and C2 of the 
intra-particle diffusion obtained approach zero (Table 11), which shows 
that the adsorption rate is not only evaluated by the intra-particle 
diffusion. As a result, the rate and speed of adsorption are estimated 
by film diffusion and intra-particle diffusion (Gundogdu et al., 2012). 

3.4.1.6. Thermodynamic analysis. To better understand the nature, 
spontaneity, and feasibility of the adsorption of phenolic compounds, 
thermodynamic parameters were determined, including standard 
enthalpy change ΔH◦ (kJ mol− 1), standard Gibbs free energy change 
ΔG◦ (kJ mol− 1), and standard entropy change ΔS◦ (kJ mol− 1 K− 1). 

Fig. 15 shows the linear plot of ln(Kc) versus 1/T, the values of ΔS◦

and ΔH◦ are determined from the slope and intercept of the curve. The 
results of Gibbs free energy change ΔG◦ in the adsorption of phenolic 
compounds on SA-RGO beads were determined as a negative value for 
all temperature values examined. For this cause, it can be deduced that 
the adsorption of phenolic compounds is applicable and spontaneous 
(Table 12). In general, ΔG◦ change lies in the range of 0 to - 20 kJ mol− 1 

for physisorption, - 20 to 80 kJ mol− 1 for the existence of chemisorption 
and physisorption, and - 80 to - 400 kJ mol− 1 for chemisorption 

Fig. 14. Intra-particle diffusion kinetic model.  

Table 11 
Intra-particle diffusion parameters.  

First step (0 ≤ t0.5 (min0.5) ≤ 10.95) Second step (10.95 < t0.5 (min0.5) ≤ 13.41) 

Kid1 C1 R2 Kid2 C2 R2 

81.307 55.067 0.976 14.25 806.6 0.925  

Fig. 15. ln(Kc) as function of 1/T.  

Table 12 
Thermodynamic parameters.  

ΔG0 (kJ mol− 1) ΔH0 (kJ mol− 1) ΔS0 (kJ mol− 1 K− 1) 

293 303 313 323   

- 0.915 - 1.46 - 2.85 - 9.71 35.22 0.1193  
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(Anirudhan and Radhakrishnan, 2010). The ΔG◦ values confirm that the 
adsorption mechanism is dominated by physisorption. A positive sign in 
the enthalpy change ΔH◦ indicates that the mechanism is endothermic. 
The result ΔS◦ indicates that the randomness is increased at the sol-
ution/solid (Gupta et al., 2017). 

3.5. Fixed-bed column 

Adsorption of phenolic compounds via fixed-bed column was pro-
posed as an alternative method (Lissaneddine et al., 2021; Benaddi et al., 
2022). The SA-RGO beads were applied as adsorbents. 

The analysis of the influence of different column heights (Z = 15, 25 
and 35 cm) with a flow rate (Q = 0.5 mL min− 1) on the breakthrough 
profiles was represented in Fig. 15. The percentage removal of phenolic 
compounds increased significantly from 60 % to 87 % with increasing 
height from 15 to 35 cm, respectively. The increase in percent removal is 
due to the column’s elongation of the mass transfer zone. Therefore, the 
greater mass of SA-RGO beads available, the higher the packing height, 
which leads to an augment in adsorption sites, thus, the longer time for 
bed exhaustion (Azzaz et al., 2017). 

The study of the influence of the effluent flow rate (Q = 0.5, 1 and 
2 mL min− 1) on the breakthrough profiles was represented in Fig. 16. 
Increasing the flow rate minimizes percent removal, which was assigned 
to the shortening of the residence time of the phenolic compound in the 
packed bed, which prevents their proper diffusion into the SA-RGO 
beads sites (Khadhri et al., 2019). As a result, the removal rate 
decreased from 87 % (0.5 mL min− 1) to 50 % mg g− 1 (3 mL min− 1). A 
similar result was previously studied for phenol adsorption using acti-
vated Corn Cobs (Rocha, 2015). 

The results showed better results for a flow rate of 0.5 mL min− 1 and 
a height of 40 cm. Fig. 16 shows a plot of Ct/C0 versus time 
(Q = 0.5 mL min− 1; Z = 40 cm). All phenol was adsorbed for the first 
30 min, which decreased the phenol concentration. During adsorption, 
the concentration of phenolic compounds at the outlet gradually in-
creases until Ct = Ci and the curve becomes almost flat. This increase is 

Fig. 16. Influence of packing height on breakthrough curves for sorption of 
phenolic compounds (pH = 4.0, Ci = 3274.28 mg L− 1, Q = 0.5 mL min− 1). 

Table 13 
Adsorption results using fixed-bed column.  

Ci (mg L− 1) Vef (mL) Q (mL min− 1) mtotal (g) qe (mg g− 1) R (%) 

3274.28 67.5 0.5 5 967 87  

Table 14 
Adams-Bohart, Thomas, Yoon-Nelson and Wol-borska model parameters.  

Model Parameters Value 

Adams-Bohart KAB 0.000066 
N0 2103.80 
R2 0.7478 
RMSE 0.1263 

Thomas KTh 0.000197 
qTh 1074.51 
R2 0.97 
RMSE 0.0119 

Wol-borska N0 2102 
β 0.14 
R2 0.7478 
RMSE 0.1261 

Yoon-Nelson KYN 0.216 
τ 45.03 
R2 0.97 
RMSE 0.0119  

Fig. 17. Influence of flow rate on breakthrough curves for sorption of phenolic 
compounds (pH = 4, Z = 35 cm, Ci = 3274.28 mg L− 1). 

Fig. 18. Removal of phenolic compounds using SA-RGO beads in four 
consecutive desorption cycles using HCl as eluent. 
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due to the saturation of the pores of the SA-RGO beads (Kundu and 
Gupta, 2005). The present study, the qe value attained 967 mg g− 1 for 
Q = 0.5 mL min− 1 and Ci = 3274.28 mg L− 1, with an elimination rate of 
87 % (Table 12). 

The applied model parameters obtained according to the linear 
regression are presented in Table 13. The R2 of the Yoon-Nelson and 
Thomas models are equal (0.97) and close to unity compared to the R2 

values of the Adam Bohart and Wolborska models (0.7478). The value of 
the parameter qTh = 1074.51 mg g− 1 estimated using the Thomas model 
is close to the value of the experimental capacity qe = 967 mg g− 1. The 
error value calculated using the Thomas and Yoon Nelson equation is 
also very small (0.0119) compared to the Adam-Bohart and Wolborska 
equation (0.1263). In conclusion, the Yoon-Nelson and Thomas models 
presented the experimental results well (Table 14). 

3.6. Desorption 

Reusing a sorbent is an aspect from the economic point of view 
because it allows prolonged use of adsorbent; the possibility of reusing 
material is related to its regeneration capacity. The desorption step of 
SA-RGO beads was performed at 25 ◦C for 135 min; afterward, the 
sorbent was regenerated using a diluted acid solution and then reused to 
remove phenolic compounds to check its sorption capacity at the equi-
librium state. Fig. 17 shows the equilibrium sorption capacity of phenol 
for four cycles of SA-RGO bead use. In the first two adsorption cycles, the 
removal rate decreased from 87 % to 79 %. Subsequent cycles showed a 
more significant decrease in elimination rate, with a reduction of about 
35 % for the fourth use compared to the first adsorption cycle. 

The adsorption efficiency was 87 %, indicating that the sorption 
mechanism for removing phenolic compounds is an effective method for 
the treatment of OMWW compared to other adsorbents that have been 
previously used to treat OMWW (Adhoum and Monser, 2004; Paraskeva 
et al., 2007; El-Abbassi et al., 2014) (Fig. 18). 

3.7. Adsorption mechanism 

Several studies have reported various mechanisms for removing 
phenolic compounds through adsorption. Among these, the three most 
widely accepted mechanisms are (a) π-π electron pairing interaction, (b) 

electron donor-acceptor interaction (electrostatic interaction), and (c) 
hydrogen bonding interactions. The presence of oxygen functional 
groups of SA-RGO at the π-electron-rich regions provides complexes 
with aromatic rings of phenol pollutants. During adsorption, the 
π-electron rich regions of SA-RGO act as a donor, and the phenol rings as 
acceptors. Therefore, the adsorption of phenol onto SA-RGO is 
controlled by the dispersive interaction of π-π electrons (Rout et al., 
2022). During the adsorption of phenol, two different electron 
donor-acceptor interactions occur. The first involves the interaction of 
the hydroxyl and carbonyl groups (electron donor) of SA-RGO with the 
aromatic ring of the phenol pollutant (electron acceptor). The interac-
tion between the donor and acceptor of SA-RGO and phenol during the 
adsorption mechanism depends on the dipole moment of the different 
functional groups present on the basal plane (Mojoudi et al., 2019). 
Adsorption on the SA-RGO surface is due to the formation of hydrogen 
bonds between the hydrogen and oxygen of the adsorbent and the 
phenol molecule (Dąbrowski et al., 2005). In addition, a host-guest in-
clusion complex is formed between SA-RGO and phenol through Van der 
Waals forces and hydrogen bonding. Therefore, more and more phenol 
molecules are attracted to the surface of the adsorbent, which enhances 
the adsorption process. Since the reaction between the phenol molecule 
and the SA-RGO occurs over the entire surface of the SA-RGO, the 
adsorbed phenol molecules are uniformly distributed on the SA-RGO. 
The schematic presentation of the adsorption mechanism of phenol on 
SA-RGO is shown in Fig. 19. 

4. Conclusion 

The green reduction of graphene oxide was made by Verbena offici-
nalis, targeting a green chemistry application. FTIR, SEM, and EDS 
characterized the prepared SA-RGO beads. Batch and column adsorption 
test to define the ideal conditions for sorption of phenolic compounds 
from OMWW. The Freundlich models and pseudo-second-order best 
represented the sorption isotherm and kinetics. The optimized adsorp-
tion parameters were 3.68 g L− 1 of adsorbent dosage, pH of 4.0, 
adsorption time of 135 min, and temperature of 25 ◦C. The reaction was 
endothermic and applicable. The Yoon-Nelson and Thomas model best 
predicts the column adsorption of phenolic compounds. However, the 
adsorption efficiency decreases from 87 % to 52 % after four adsorption 

Fig. 19. Schematic diagram for proposed phenol removal mechanism.  
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cycles. This work gives a new green approach to synthesizing RGO to 
prepare composite beads (SA-RGO beads), which can be applied as a 
suitable adsorbent to eliminate the phenol from OMWW. However, so-
dium alginate’s mechanical strength and stability are relatively low. 
Furthermore, ion exchange on the cross-linked calcium ions could lead 
to the decomposition of the synthesized materials, which limits the 
regeneration of the adsorbent, indicating a future research prospect. 
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