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Abstract
The enhancing breakdown of dyes using facile, novel and eco-friendly photocatalyst without remaining any hazards 
secondary intermediates from the dye species regarded one of the most challenges to the healthy world. A novel facile 
method was used to synthesize reduced graphene oxide (rGO) with various doping ratios of silver nanoparticles (Ag 
NPs) and applied as photocatalyst to enhancing removal of Congo red (CR) dye using UV light irradiation from aqueous 
solution. Some characterization features such as UV-diffuse reflectance spectra, TEM, SEM, FTIR, X-ray diffraction, and 
EDX were measured to demonstrate the energy gap, morphology, size distribution, crystalline nature, phase structure, 
and elemental compositions of as-synthesized nanoparticles. The effect of some important factors such as pH of solution, 
initial CR concertation (Co), amount of rGO@Ag (g) and contact time (t) were studied to detect the optimum adsorption 
condition. The results indicated that, the maximum CR dye photodegradation is obtained at pH 7, 120 min, 50 mg/L 
initial CR concentration and 0.4 g/L photocatalyst dosage. The photodegradation data declared that, the higher the Ag 
doping ratio, the higher the degrading efficiency. Isotherm and kinetic studies showed that Langmuir and Freundlich 
models and the pseudo-second-order model are well fitting the adsorption process with maximum CR adsorption values 
ranging between 86.95 and 98.04 mg/L with corresponding  R2 > 0.99.

Article Highlights

1. A cheap eco-friendly and facile method to synthesis rGO@Ag NPs
2. photodegradation of Congo red dye using as-synthesized rGO@Ag NPs under UV irradiation light
3. a promising photodegradation process of CR dye from aqueous solution was achieved
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1 Introduction

In the past few decades, industrial activities have been prop-
agated, especially in developing countries, the industrial 
wastewaters pose great health risk problems due to their 
organic and inorganic pollutants [1]. A massive using of the 

organic dyes in the paper and textiles industries may cause 
a serious environmentally problems. More than 10,000 dif-
ferent pigments and dyes are used annually in the world [2, 
3]. Using synthetic-hued dyes in numerous sectors, including 
textile, paper and pulp, cosmetics, and leather, results in a 
rise of colored organic dyes in the trash [4, 5]. A significant 
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quantity of dyes (1%–10%) was wasted in the product dying 
process, and these amounts were drained with effluents; the 
dye tailings are highly carcinogenic chemicals [6].

Congo red (CR) dye is widely used in textiles, paper, 
cosmetics, chemicals, and pharmaceutical industries [7]. 
Because of its intensive use, a considerable amount of CR 
residuals is discovered in wastewater that reaches surface 
water. Because of the remarkable stability of CR dye in 
light, water, and detergents poses a severe risk to humans 
and aquatic species [8, 9].

The adsorption process has been possessed a great 
advantage: it completely removes -in much cases- the dyes 
molecules without hazard intermediate [10]. Moreover, the 
recycling possibilities of the adsorbed dye from the resi-
due after the adsorption process thus it would be consid-
ered economically and eco-friendly approaches for waste-
water treatment [11, 12]. Applicability and efficiencies of 
the adsorption process mainly depend on the adsorbent 
capacity and economically cost of the technology [13].

In the last decades, several studies have been carried 
out to eliminate the organic compounds from wastewater 
e.g., chemical, physical, and biological methods [14]. How-
ever, some classic technologies have several drawbacks, 
including a poor degrading impact of organic chemicals, 
large costs, and difficult procedures [15]. As a result, it 
has become critical to create and develop more sensitive, 
effective, less costly, eco-friendly, and adaptable technolo-
gies for removing and degrading organic contaminants. 
Consequently, nanomaterials have become efficient tech-
niques for degrading dyes and organic pollutants from 
aqueous solutions, CeO2-PPy-ZnO [16]; polyaniline (PAni) 
and PAni/starch composites [12], para-aminobenzoic acid 
modified activated carbon [17], mesoporous  TiO2/ZSM-5 
[10], ceria NPs [7], NiO NPs [9],  Fe2O3-CeO2 nanocomposite 
[18], alginate/carboxymethyl cellulose/TiO2 nanocompos-
ite [19], NiS NPs [6], and ZnO NPs [5, 20].

Silver NPs have attracted many researchers; hence, 
they are regarded as widely and important nanoparticles 
in nanotechnology processes. Its distinct physicochemi-
cal properties make it widely used in various industries, 
including agriculture, health, medicine, home appliances, 
packaging, and electronics [21]. 2D graphene sheets 
have been widely employed because of their larger sur-
face area, excellent physical and chemical properties, 
and ability to control their properties through chemical 
functionalization. The reduction of GO to synthesize the 
reduced graphene oxide (rGO) is widely used nowadays to 
improve and support the Nano catalyst’s features [22]. Fur-
thermore, among the numerous forms of NPs, magnetic 
particles have been widely used in nanocatalyst produc-
tion due to their ease of separation using an appropriate 
external magnetic field. The emergence of rGO with Ag 
NPs as hybridized nanocomposites produces promising 

compounds with improving performance and enhancing 
the photodegradation, biological, antimicrobial, and anti-
bacterial effects [23]. This work seeks to generate rGO@
Ag hybrid NPs using a simple and environmentally safe 
approach to improve the photodegradation of CR dye 
from an aqueous solution. Furthermore, to show the fac-
tors affecting the photocatalytic processes.

A facile and eco-friendly method to synthesis rGO@Ag 
NPs was carried out to degrade Congo red dye from aque-
ous solution. This study is organized in several sections, 
Sect. 2 shows the experimental sequences of preparation 
and characterization rGO@Ag NPs and demonstrate the 
main factors affecting the CR degradation. Section 3 rep-
resents the detailed characterization of as-syntheses NPs 
and discussed the main factors affecting degradation pro-
cess. The next two Sects. 4 & 5 emphasizing the obtained 
results using different adsorption and kinetic models. 
Finally, Sect. 6 provides the conclusion.

2  Materials and methods

All chemicals contain; graphite powered (99.9%), sul-
furic acid  (H2SO4 98%), CR dye  (C32H24N6O6S2.2Na, 
λmax = 497 nm), silver nitrate NPs  (AgNO3),  H2O2 (30%), 
 KMnO4, HCl (36%), acetone, and absolute ethanol are 
Sigma–Aldrich grade.

2.1  Synthesis of graphene oxide (GO)

Graphene oxide NPs were synthesized using modified 
Hummer’s method. Briefly, 5 g of graphite NPs were added 
to conc.  H2SO4 (98%, 60 mL) in an ice container, 2.5 g of 
 NaNO3 was additionally add with continuous magnetic stir 
for 40 min; after that, 15 g of  KMnO4 slowly added with 
vigorous magnetic stir overnight. After that, carefully add-
ing a suitable amount of deionized distilled water, 40 ml of 
 H2O2 (30%) was added dropwise with continuous stirring 
for 40 min, the temperature raised gradually up to 50 °C. 
The produced precipitate was washed multiple times with 
HCl (4%) and deionized distilled water. Centrifugation of 
the mixture at 8000 rpm for 7 min was carried out to pre-
cipitate the residue and dried it at 80 °C.

2.2  Preparation of rGO@Ag NPs

Synthesis of rGO@Ag NPs was produced by merging 
 AgNO3 with GO. 10 g of GO was suspended in 500 mL DW 
and sonicated for 2 h.  AgNO3 (0.1 M) solution was added 
in a different amount to the GO mixture to obtain; 2%,4%, 
6% rGO@Ag NPs. Solution of NaOH (0.1 M) was used to 
adjust solution pH to ~ 10. The mixture was re-sonicated 
for 20 min after adding 10% lactulose solution.
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2.3  Characterizations of rGO@Ag NPs

Mettler-Toledo V670 USA, spectroscopy was used to deter-
mine the effect of variation Ag NPs ratio on the prepared 
nanocomposites between 250 and 800 nm. In addition, 
the energy gap (Eg) for several nanocomposites was esti-
mated using UV–Visible spectroscopy results. XRD pattern 
was used to assess the crystalline features of prepared 
NPs using X-ray diffractometer (Model PW-3710). XRD 
was operated with Cu-Kα radiation (λ = 1.5418 Ȧ) in the 
range of 2θ = 10°–80° with the rate of scan 2θ = 5°/min. At 
200 kV acceleration voltage, the emission scanning elec-
tron microscope (Carl Zeiss, America) was employed to 
analyze the morphology of as-synthesized rGO@Ag nano-
composites (SEM, TEM). The elemental compositions of the 
catalyst were determined by EDX spectroscopy. Different 
functional groups on the surface of as-prepared catalysts 
were discovered using FT-IR “Fourier transform infrared 
spectroscopy” spectrum technology (6700 FTIR, Nicolet, 
USA) in the 4000–400  cm−1 range.

2.4  Photocatalytic study

1000 mg/L solution of CR dye was prepared. Afterthat, 
standard solutions with various concentrations were pre-
pared as needed. The photocatalytic degradation experi-
ments were done under UV light (6 mercury lamps of 
11 Watt were used). The irradiation wavelength was set 
to be  less than 300 nm. Several major parameters were 
investigated to evaluate the removal effectiveness of as-
synthesized photocatalysts, including solution pH, contact 
duration, catalyst dosages, and initial concentration of CR 
dye.  The sorption–desorption equilibrium was attained 
with stirring the mixtures at 350 rpm/min with the pho-
tocatalysts in the dark for 30 min. This stage was repeated 
for each researched factor under different experimental 

conditions. Solutions’ pH ranging between  4 and  10 was 
selected to study the pH effect through 100 ml CR dye 
( 50 mg/L).  Also, the effect of contact time (15–120 min), 
catalysts dosages (0.05–0.5 g/L), and Initial dye concen-
tration (0.5–50 mg/L) were investigated to indicate the 
optimum removal conditions. An aliquot (5 ml) from each 
mixture was centrifuged at 7000 rpm for 7 min, and the 
supernatant concentration was measured at λ = 497 nm 
using Jenway 6800UV/VIS spectrophotometer. Photocata-
lytic efficiency  (qe) was calculated according to Eq. 1;

where V is the volume of solution (L),  C0 initial CR concen-
tration, Ce concentration of CR at equilibrium, and M is 
catalyst mass (g).

3  Results and discussion

3.1  Characterization

Figure 1 shows the UV–Vis spectra for as-synthesized pho-
tocatalysts with wavelengths ranging from 200 to 700 nm 
(1). An obvious peak at 245 nm belongs to rGo NPs, and 
this band arises mainly from τηπε-π* transition of the C = C 
bond [24]. Three peaks were detected with a slight shift to 
higher wavelength to 255, 260, and 270 nm belonging to 
2%, 4, and 6% rGo@Ag NPs, respectively. Also, these bands 
belong to π − π* transitions [25]. This shift indicated that 
the Ag NPs were impregnated with decreased graphene. 
These findings are similar to those of [26], who observed 
maximum peaks ranging from 253 to 265 nm for rGO and 
rGO/Ag NPs synthesis. Furthermore, Abdalla et al. [23] 

(1)qe =

(

C0 − Ce
)

× V

M
,

Fig. 1  UV—VIS spectra of 
as-synthesis rGO and rGO@Agx 
nanoparticles
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observed a peak at 230 nm for belonging to C–C bonds 
and a strong peak at ~ 440 nm of Ag/rGO.

Using the Tauc equation, data from UV–Vis absorption 
of as-synthetic nanoparticles were utilized to compute the 
bandgap energy (Eg) for each nanocomposite. A graph 
between (αhν)2 against hν was plotted (Fig. 2). The inter-
ception of the tangent of the curve with the X-axis repre-
sented the  Eg value. The estimated Egs from the curves 
are; 2.41, 2.26, 2.18, and 2.08 eV for rGO and rGO@Ag 2%, 
4%, and 6% NPs respectively. Significant decrease in com-
puted energy gap (Eg) with increasing the doping Ag % 
with rGO NPs, indicating an improvement in photocata-
lytic efficiency.

Figure 3 denotes the crystallographic and phase com-
position of the prepared nanoparticles using XRD analy-
ses; the XRD data resemble the standard JCPDS card NO 
00-004-0783. The XRD pattern of rGO nanocomposites 
exhibits two crystalline peaks at 2 = 14.32° and 42.72° with 
d-spacing of 7.81 and 2.11 corresponding to the (002) and 
(031). These two peaks disappeared in the XRD pattern 

of rGO@Ag x% due to Ag NPs anchoring on the surface 
of rGO NPs leading to the prevention of stacking of rGO 
particles [27]. Javed et al. [28] reported that several peaks 
at 38.07, 44.28, 64.50 were belonging to Ag with (111), 
(200), (220) planes which confirm the amorphous crystal 
shape phases of rGo NPs. Another six peaks appeared in 
the XRD pattern of rGO@Ag x% NPs at 2θ = 32.45° (110), 
38.31° (111), 46.52° (200), 64.53° (220), 78.5° (311), and 
82.67 (222), which indicated the cubic crystalline planes 
of the Ag NPs phase (JCPDS No. 04-0783). Some literatures 
proved that the synthesized Ag/rGO nanocomposite can 
improve its efficiency due to Ag NPs and increase the 
adsorption of dye molecules due to presence of rGO [29]. 
Furthermore, Wu et al. [30] reported a dense peak for rGO 
at 24.3◦

The SEM images were used to identify morphological 
characteristics and determine the distribution and parti-
cle size of as-synthesized nanoparticles (Fig. 4). Further-
more, the elemental composition was determined using 
EDX analysis (Fig. 5). SEM images of rGO NPs clarified 

Fig. 2  Tauc’s plot of for estimation the energy band gap (Eg) of the prepared photocatalysts
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homogeneous lamellar surface with highly porous and 
deep grooves of the surface of rGO nanocomposites 
(Fig. 4a), the particle sizes ranging from 19.45 to 24.84 nm 
(Fig. 4b). An imbedded silver NPs were observed as visible 
brilliant dots on the surface of rGO@Ag x% NPs (Fig. 4c 
and d) declaring stuck of Ag NPs onto the surface of rGO 
[31, 32] Maham et al. [31], Hasija et al. [32]. However, 
Rahman et al. [33] showed similar particle size  Ag2O@
La2O3 nanosheets ranged between 7.5 and 14.7  nm. 
While Dippong et al. [34] reported that,  CuxCo1-xFe2O4/

SiO2 nanocomposites (NCs) with high Cu content have 
40–70 nm but with high Co content have smaller grain 
sized (15–25 nm).

In the EDX spectrum picture of manufactured rGO NPs, 
two main peaks were visible; the first peak belonged to car-
bon (40.25%) and oxygen (36.85%), and another two minor 
peaks Cl (15.55%) and K (7.35%) (Fig. 4a). However, in rGO@
Ag x percent NPs, a significant silver (11.2%) peak developed 
alongside the peaks of carbon and oxygen with ratios of 
55.2% and 32.6%, respectively (Fig. 4b).

Fig. 3  XRD Spectra of rGO, 
rGO@Ag 2%, rGO@Ag 4% and 
rGO@Ag 6% nanocomposite
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Fig. 4  SEM images of (a) rGO, (b) rGO@Ag 2%, (c) rGO@Ag 4% and (d) rGO@Ag 6% nanocomposite
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A transmission electron micrograph (TEM) was carried out 
to detect the particle size and agglomeration. TEM images 
showed non agglomerated, spherical shape of rGO NPs with 
scattered silver particles adhered to rGO particles (Fig. 6). 
The particle size of as-synthesized NPs was ranged between 
17.36 and 25.97 nm (rGO NPs) and 8.54–10.28 nm (rGO/Ag 
NPs). These results revealed that the prepared nanoparticles 
have low size distribution range about at 22 and 10 nm for 
rGO and rGO/Ag with nearly aggregated particles [35].

T-IR technique was used to detect the functional groups 
synthesized catalyst. (Figure. 7) shows the FT-IR spectrum 
bands ranged between 4000 and 400  cm−1. A significant 
wide peak was observed at 3431   cm−1 (93.2%), which 
belong to stretching hydroxyl group (O–H) in water [36]. 
Another two bands occurred at 2923 and 2304   cm−1, 
which corresponding to = C–H vibration stretching and 
acid O–H group [32]. Weak two peaks were observed at 
1663 and 1349  cm−1 belonging to amide C = O and epoxy 
C-O groups [37]. A low intensity peak was appeared at 
1119  cm−1 which attributed to –C–O and C–O–H stretch-
ing vibrations of alcohols [38]. Smaller peak was detected 
at 796–650  cm−1, which belong to Ag-halide stretching, 
proving the formation of rGO@Ag x% nanoparticles [32]. 
These results may be due to the interaction between the 
functional groups which containing oxygen in rGO NPs 
with Ag NPs [39].

3.2  Photocatalytic activities

3.2.1  Effect of pH

The solution’s pH plays a highly important role in the 
photodegradation of different dyes and organic com-
pounds [40] . The impact of varied pH degrees on the 

photodegradation of CR was investigated using solutions 
with pH ranging from 4  to  10  with an initial CR content 
of 50 mg/L and 0.4 g/L photocatalysts (Fig. 8). To reach 
sorption–desorption equilibrium, the mixtures were 
stirred at 350 rpm in dark place for 30 min. Then after, 
the solutions are exposed to UV-irradiation for 120 min. 
The highest degradation efficiency  (qe) of the rGO catalyst 
was 78.4 mg/g and rose marginally with increasing Ag 
doping ratio, reaching 82.22, 83.28, and 89.06 mg/g for 
rGO@Ag 2%, 4%, and 6%, respectively was achieved at 
pH 7. Mahapatra et al. [41] and Cheng et al. [42] reported 
maximum degradation of CR dye at pH 7 using γ-Fe2O3-
Al2O3 and Al-Fe2O3/LDH NPs (Table 1).

The generation of ·OH free-radical at pH > 7 (lower than 
 pHZPC of CR dye) enhances the breakdown of CR mole-
cules. Furthermore, the obvious decrease in the photo-
catalytic process at higher pH values > 9 is attributed 
to the negatively charged surface of the catalyst due to 
hydroxyl group aggregation in the solution. Thus, an elec-
trostatic repulsion force was formed between the nega-
tively charged CR molecules and the negatively surfaces 
of photocatalysts [7, 9].

3.2.2  Effect of time

The effect of UV irradiation contact time was conducted 
between 15 and 150 min to detect the maximum deg-
radation efficiency of 50 mg/L initial concentration of 
CR  using 0.4 5/L photocatalysts at pH = 7 (Fig. 9). With 
increasing the contact irradiation time, obvious pho-
todegradation progress of CR was detected, reach-
ing around 62 percent, after which a slowdown of the 
reaction was observed until it reached the maximum 
photodegradation efficiency after 120 min, after which 

Fig.5  EDX analysis spectra of a rGO, and b rGO@Ag x % nanocomposites
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Fig. 6  Transmission electron microscope (TEM) and SAED images of as-synthesized rGO, rGO@Ag x% nanocomposites

Fig. 7  FT-IR of rGO, rGO@Ag 
2%, rGO@Ag 4% and rGO@Ag 
6% NPs
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Fig. 8  Effect of solution pH 
on the photodegradation effi-
ciency of Congo red dye under 
optimum conditions
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Table 1  Comparison between 
degradation of different 
organic dyes using different 
photocatalysts

* not available

Organic substrate Catalyst pH Time (min) Dose (g/L) Eff. mg/g Ref

Amaranth CoFeNPs1 6 53 0.67 11 [46]
Acid orange (CoFeNPs2) 60 150 0.67 9 [46]
Congo red γ-Fe2O3-Al2O3 7 15 0.1 498 [41]
Congo red Al-Fe2O3/LDH 5.5 30 0.005 1364 [42]
Methylene orange ZnO 6.0 50 0.3 90 [47]
Methylene blue Ag2S@Ag * 5 0.075 99.83 [43]
Congo red ZnO@Ze 3 20 0.05 161 [48]
Rhodamine B Ag–Cu@ZnO * 0.2 0.05 99 [44]
Methylene blue CdS/SnO2 NPs * 180 0.1 90 [49]
methylene orange SnO2-SnS2 * 60 0.05 99 [50]
Congo red ZnO@Ze 3 20 0.05 99.5% [43]
Congo red Ag–Cu@ZnO * 15 0.005 90% [44]
Congo red Fe3O4/SiO2/ZnO/Pr6O11 * 80 0.02 84.7% [51]
Congo red rGo, Ag@rGO 7 120 0.4  89 Recent data

Fig. 9  Photodegradation of 
Congo red dye under different 
contact time interval
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the reaction was steady until it reached equilibrium. 
rGO catalyst has the lowest degradation efficiency 
 (qe = 76.9 mg/g); by increasing the Ag doping ratio, a 
remarkable increase of Qe was achieved; 78.84, 82.8, 
and 90.2 mg/g for rGO@Ag 2%, 4%, and 6% respectively. 
Several researches [7, 40, 43, 44] found that maximum 
degradation of CR dye was achieved at 90, 105, 20 and 
15 min different photocatalysts (Table 1).

3.2.3  Effect of dose

Different quantities of the prepared photocatalysts NPs 
(0.05 to 0.5 g/L) were used to determine the optimum 
catalyst dose required for the maximum degradation of 
CR dye (50 mg/L CR concentration) with pH = 7 during 
120 min as contact time. Figure 10. depicts the steady 
increase of CR dye photodegradation with increasing 
catalyst dosages, with maximum removal precents of 
85.8, 87.8, 86.8, and 88.6 for rGO, and rGO@Ag 2%, 4%, 
and 6%, respectively, at 0.4 g/L catalyst quantity. When 
the quantity of photocatalyst is increased, the pho-
todegradation rate decreases, which is related to the 

aggregation of photocatalyst particles, lowering the 
photocatalytic activity of the catalyst. Al-Onazi and Ali 
[7] reported 0.3 g/L of CeO@chitosan NPs for maximum 
CR degradation.

3.2.4  Initial dye concentration effect

Figure 11 represents the removal percent of CR with dif-
ferent concentrations (5 to 50 mg/L). Using 0.4g/l pho-
tocatalysts at pH 7 and 120 min contact time. Although 
there was an evident negative association between the 
removal % and the CR dye starting concentration for all 
utilized as-synthesized catalysts, raising the CR dye con-
centration enhanced photodegradation efficiencies  (qe). 
Low CR dye concentrations degrade fast due to the high 
surface area availability of the employed catalysts and low 
formation intermediates that compete with original CR 
molecules [45]. With the increase of the CR concentrations, 
the removal percent was lowered, but the  qe increased to 
reach maximum values of 79.0, 81.2, 83.3, and 84.4 mg/g 
for rGO, rGO@Ag 2%, 4%, and 6%, respectively.

Fig. 10  Photodegradation of 
Congo red dye using different 
photocatalyst doses
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Fig. 11  Photodegradation of 
Congo red dye using different 
initial concentration of CR dye
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4  Isothermal studies

Langmuir and Freundlich isothermal models were used 
to explore degradation suitability. The Langmuir isotherm 
model predicts the occurrence of homogeneous adsorp-
tion with maximal adsorption capacity  (qmax) and Lang-
muir constant (b), which means the affinity of the adsorp-
tion. Freundlich suggests a multilayer heterogeneous 
adsorption process. Both Langmuir and Freundlich models 
are calculated in the following eqs (Eq. 2 & Eq. 3):

where:  qmax  (mg−1) is the maximum uptake of adsorbate; 
b Langmuir constant (L.mg−1),  qe (mg.g−1) is the amount 
of absorbed substrate;  Ce  (gL−1) the absorbed substrate 
concentration at equilibrium;  Kf is the absorbent capacity 
and n is the adsorption intencity.

The results obtained from Langmuir and Freundlich iso-
thermal models showed insignificant difference indicating 
that, the two models accurately represent the degradation 

(2)Langmuir Equation qe =
qmaxbce

1 + bCe
,

(3)Freundlich equation qe = Kf C
1

n

e

of CR dye with  R2 almost > 0.95 (Table 1 & Figs. 12 and 13). 
Furthermore, the calculated  RL constant (dimensionless 
constant) was ranged between 0.0009  and  0.012 indi-
cating favorable adsorption of CR dye according to clas-
sification of McKay et al. [52] reported that, if  RL values 
ranged between 0 < RL < 1, thus a favorable adsorption 
type is occurred (Table 2). These findings are consistent 
with those of Al-Onazi and Ali [7] for the CR dye photo-
degradation using ceria NPs. Furthermore, Guo et al. [6] 
demonstrated that the CR dye degradation followed the 
Langmuir and Freundlich models when NiS NPs were used.

5  Kinetics studies

Kinetics models are valuable tools for predicting the con-
taminant removal rate from aqueous solutions. Two typi-
cal kinetic models, pseudo-first order and pseudo-second 
order models, are used to explore the adsorption process 
of CR dye onto as-synthesized NPs. The two models were 
expressed linearly as in (Eq. 4) and (Eq. 5) as the following;
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Fig. 12  Graph of Langmuir isotherm model for CR degradation using as-synthesized rGO and rGO@Ag x % nanocomposites
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Figures 14 and 15 showed the linear curve of the two 
kinetic models. The calculated kinetic constants are given in 
Table 2. The low correlation coefficient  (R2) obtained for the 
pseudo-first order model (mainly < 0.78) with corresponding 

(5)
t

Ct
=

1

k2C
2
e

+
1

Ce
t,

low  Qe values (< 0.6 mg/L) is regarded as not ideal for explor-
ing the CR adsorption mechanism and indicates that these 
experimental data did not obey the pseudo-first order 
kinetic reaction. Contrarily, the linear relation between t/
Qt versus t (Fig. 14) showed high correlation coefficients  (R2 
are nearly close to 1) with high  Qe values ranging between 
86.95 − 98.04 mg/g (Table 3). These findings demonstrated 
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Fig. 13  Graph of Freundlich isotherm model for CR degradation using as-synthesized rGO and rGO@Ag x % nanocomposites

Table 2  Constants of Langmuir 
and Freundlich models for the 
degradation of CR dye

Catalyst Langmuir isotherm Freundlich isotherm

b qmax RL R2 Kf n R2

rGO 2.26 54.64 0.009 0.97 30.12 2.49 0.96
rGO@Ag 2% 2.09 58.48 0.010 0.98 31.56 2.41 0.96
rGO@Ag 2% 1.71 65.79 0.012 0.96 33.06 2.31 0.95
rGO@Ag 2% 1.71 78.13 0.012 0.89 37.20 2.49 0.89
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that the CR dye adsorption kinetics onto as-synthesized NPs 
optimally matched the pseudo-second order reaction.

6  Conclusion

In this study a simple and eco-friendly environmental 
method was employed to synthesize rGO and rGO@Ag 
NPs. The photocatalyst was characterized physically 
to investigate the morphology, optical characteristics, 
elemental composition, particle size distribution and 
the existence functional groups using SEM, EDX, TEM, 
UV–VIS, XRD and FT-IR investigations. These investi-
gations declared successful stuck of Ag NPs on the 
rGO surface. The average particle sizes ranging from 
17.36–25.97 to 8.54–10.28 nm for rGO and rGO/Ag NPs 
respectively. A low energy gaps of 2.41, 2.26, 2.18, and 

2.08 eV were estimated for rGO, and rGO@Ag 2%, 4% 
and 6% NPs respectively. The as-synthesized photocata-
lyst nanoparticle was used for enhancing the degrada-
tion of CR dye degradation under UV irradiation. The 
photodegradation experiment showed that pH = 7 was 
optimum for the maximum degradation process, with 
maximum degradation efficiency  (qe) reaching 89 mg/g 
at 120 min and 0.4 g/L catalyst dosage, initial concentra-
tion 50 mg/L of CR dye and 120 min contact time. The 
isothermal studies revealed that the isotherm models of 
Langmuir and Freundlich accurately represent CR dye 
photodegradation, with  R2 almost > 0.95. kinetically, the 
pseudo-second order reaction model was more express 
the adsorption process with  Qe values ranging between 
86.95 and 98.04 mg/L and corresponding  R2 of > 0.99. 
The results proved that Ag doping of rGO enhances its 
effective photocatalytic performance.

Fig. 14  Graph of the pseudo-first-order reaction for CR dye degradation using as-synthesized rGO and rGO@Ag x nanocomposites
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Table 3  The calculated 
constants of pseudo-first and 
pseudo-second order reactions 
for CR dye degradation 
using rGO and rGO@Ag 
nanocomposites

Catalyst Pseudo-first order reaction Pseudo-second order reaction

Qe K1 R2 Qe K2 R2

rGO 0.533 2.88E-02 0.7825 86.95 4.94E-04 0.9807
rGO@Ag 2% 0.548 4.79E-02 0.7689 86.95 5.95E-04 0.9841
rGO@Ag 4% 0.446 4.79E-02 0.6202 91.74 5.18E-04 0.9756
rGO@Ag 6% 0.450 4.88E-02 0.6174 98.04 6.23E-04 0.9843
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