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INTRODUCTION

Recently, environmental issues have had the 
most attention of worldwide concern due to a 
growing amount of harmful compounds in waste-
water that negatively affect ecological life [Al-
Nini et al., 2023; Saeed, et al., 2020]. Recently, 
environmental issues have had the most attention 
of worldwide concern due to a growing amount 
of harmful compounds in wastewater that nega-
tively affect ecological life [Al-Nini et al., 2023; 
Saeed, et al., 2020]. The clean water provision 

represents a financial and environmental chal-
lenge. Therefore, it is necessary to implement 
suitable management techniques to disregard the 
harmful impact of water pollution and advance a 
sustainable future [Al-mahbashi et al., 2022; Aja-
la et al., 2022; Leal et al., 2019]

With recent developments in technology 
and industries, different forms of pollution have 
caused great suffering in the environment, popu-
lation health, and natural resources sustainabil-
ity because of various toxins released into the 
environment. Therefore, eliminating sources of 
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ABSTRACT
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pollution is considered a tactical issue in envi-
ronmental protection to advance development in 
sustainable [Ewis and Hameed, 2021].

Organic pollutants discharged from the petro-
chemical and refinery sectors are major sources 
of environmental pollution [Ragothaman and An-
derson, 2017; Singh and Singh, 2019]. Phenol is a 
considerable organic contaminant often present in 
the effluent from these sectors [Qiu et al., 2022]. 
Moreover, it is one of the main components of 
industrial wastewater and can also be found in 
home wastewater, and agricultural runoff, in ad-
dition to various industries such as disinfectants, 
plastic, rubber proofing, pharmaceuticals, steel, 
coal gasification, and plastic production [Zhang 
et al., 2021] interest in the toxicological and envi-
ronmental impacts of this component has grown 
Therefore, there has been an increase in interest 
related to the toxicological and environmental ef-
fects of this particular component [Roberts et al., 
2022; Zhang et al., 2021].

Phenolic chemicals are highly soluble in water 
and stable, allowing them to accumulate in the food 
chains of aquatic creatures, potentially causing 
harm. Phenol is discharged from industrial sectors 
at contaminant concentrations between 0.1–6.800 
mg/L [Mishra et al., 2023; Wang et al., 2021]. Con-
sequently, it should be restricted to the acceptable 
human use limit of 3.5 mg/L [Patil and Arya].

Various techniques and processes have been 
developed to eliminate phenols from wastewater 
released from oil and petrochemical industries. 
These methods comprise chemical precipitation, 
filtration, flocculation, ion exchange, electro-
chemical treatments, physical adsorption, chemi-
cal oxidation, and solvent extraction. They are 
frequently employed to remove metal ions and 
organic compounds from wastewater [Qasem et 
al., 2021; Chai et al., 2021]. In the adsorption 
process, the phenol particles stick to the solid 
surface to be removed from the effluent [Almah-
bashi et al., 2021]. During the chemical oxidation 
process, phenol is separated by chemical agents 
such as ozone gas to initiate oxidation reactions. 
In contrast, the extraction method uses a solvent 
to dissolve phenol and separate it from the aque-
ous phase. Finally, in the electrochemical process, 
electrical current and specific electrodes are used 
to break down and remove the phenol; the efficien-
cy of these methods depends mainly on the elec-
trochemical reactions at the electrodes [Junet al., 
2019]. There are a lot of flaws and shortcomings 
with standard procedures and processes, especially 

when it comes to implementation strategies and 
high costs. Thus, it is necessary to develop effec-
tive strategies to get around these problems [Alara 
et al., 2021]. The drawbacks of these techniques 
are low selectivity, generating waste sludge that 
needs additional treatment, high operating costs, 
and many technical issues, particularly at low pol-
lutant concentrations [Saravanan et al., 2021]. 

The adsorption technique of all the sophisti-
cated remediation methods is the most effective 
and profitable choice since it has many benefits 
in phenol removal including high efficacy in 
eliminating, flexibility in handling of adsorbent 
materials, and simplicity in execution. Moreover, 
being environmentally friendly since it avoids the 
production of harmful byproducts and eliminates 
the need for complex infrastructure in treatment 
systems [Al-mahbashi et al., 2023; Kutty et al., 
2019]. In addition, it is considered a suitable op-
tion for large-scale treatment of wastewater gener-
ated from petrochemical industries [De Farias et 
al., 2022]. Different adsorbent materials such as 
zeolite, activated carbon, transition metal oxides, 
agricultural residues, clay, and other natural and 
manufactured adsorbents were used in this method 
[Dehmani et al., 2022]. Commercial adsorbents 
are an efficient material, but it is limited in practi-
cal uses due to the high production and fabrication 
costs. Consequently, there is a growing need to de-
velop less expensive substitute adsorbents which 
can offer comparable or even higher removal ef-
ficiencies to reduce pollutants in the water. 

From economic and environmentally friendly 
viewpoints, the reuse of agriculture waste that 
is locally available, abundant and cost-effective, 
as a precursor for the synthesis of eco-friendly 
adsorbent has been greeting attention. This way 
provides valuable materials and minimizes solid 
waste. The activated carbon synthesized from 
plant waste is characterized as an effective ad-
sorbent for many scientific research since it has a 
high surface area and porosity [Oruç et al., 2019].

The generation process includes many steps 
and, the main step is the activation process, which 
is carried out chemically using agents like oxi-
dants and dehydrates or physically with agents 
like steam or CO2. The chemical activation meth-
od integrated with KOH was used to synthesize 
the activated carbon from a nutshell for adsorp-
tion of phenolic wastewater [Naji and Tye, 2022; 
Da Silva et al., 2023]. Melo et al., 2024 exam-
ined the impact of chemical activation utilizing 
ZnCl2 at 20% w/w for 12 hours on the activity 
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of activated carbon extracted from olive pits by 
pyrolysis. The produced AC was used as a sorbent 
for eliminating phenol from wastewater. From the 
equilibrium analysis, they demonstrated that as 
the temperature rose, the capability of the phenol 
to absorb increased to a maximum value of around 
120 mg. Moreover, the thermodynamic analysis 
has shown a spontaneous, favorable, endothermic, 
and entropy-controlled manner for phenol adsorp-
tion on the activated carbon. Mohammadi et al., 
2022 presented the efficiency of magnetized ac-
tivated carbon (MAC) using iron oxide nanopar-
ticles extracted from tea leaves to eliminate phe-
nol from the aqueous solution by the adsorption 
process. The study was conducted on different 
variables such as iron content, extract volume, 
time, and temperature, applying Design Expert 
10 software to analysis of the process. The results 
illustrated that the high activity of MAC toward 
phenol removal from the water reached 98%. 

Allahkarami et al., 2023 tested the effectiveness 
of phenol removal from wastewater and the adsorp-
tion capacity of premium Acacia magnum wood ac-
tivated carbon (AMW-AC), which was made by ac-
tivating H3PO4 at the temperature of 900 °C, 45 min 
activation time, and activating agent concentration 
of 40%. The results presented that the maximum 
phenol removal and highest adsorption capacity 
were about 73% and 53.8 mg/g respectively at 
a temperature of the solution of 25 °C, a contact 
period of 138 minutes, the initial concentration of 
the phenol of 150 ppm and 3 pH of the solution.

The study aimed to develop a novel technique 
for removing phenol from contaminated wastewa-
ter using activated carbon nanoparticles (ACNPs) 
derived from reed stalks. The research used a chem-
ical activation process to optimize the conditions 

for maximum phenol adsorption and explore the 
influence of different factors. Through experimen-
tal design and statistical analysis, the study showed 
the potential of ACNPs as an effective and sustain-
able solution for wastewater treatment. 

METHODOLOGY

This research involves the green synthesis 
of nanomaterials from reed stalks and consists 
of several steps. These steps start with washing 
the reed stalks with distilled water, cutting and 
drying them, and proceeding to the chemical ac-
tivation. Figure 1 shows a flowchart for the syn-
thesis of green nanocarbons.

Materials

Plant – reed stalks were collected from agri-
land in Dujail City, Iraq.

Chemicals – hydrochloric acid (HCl) and 
NaOH were supplied by Sigma-Aldrich, USA.

Nano-carbon synthesis

In the present study, nano-scale activated car-
bons were synthesized through a chemical activa-
tion route [Gayathiri, 2022; Johnson, 1999]. Ini-
tially, reed stalks were cleaned with distilled water 
and thence allowed to soak for 12 hours to remove 
contaminants. Then, it was dried at 100 ± 5 °C for 
24 hr. After that, milled and sieved to 300 μm. The 
resulting powder was treated with 1 M NaOH at 
100 °C for 1 hr with continuous stirring at 500 
rpm, followed by placing the sample in an oven 
to dry. Thereafter, the sample was carbonized at 

Figure 1. Flowchart of green synthesis of nano-activated carbon
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550 °C in a furnace in an oxygen-free furnace. 
The furnace was then permitted to cool down to 
ambient temperature. Next, the obtained material 
is purified with 1 M HCl for 1 hour with continu-
ous stirring at 500 rpm, then filtered, washed mul-
tiple times with distilled water, and moved to be 
dried in a lab dryer at 100 °C for 24 hr. Lastly, 
the obtained material was pulverized in an agate 
mortar for further characterization.

Batch adsorption studies

The phenol adsorption was performed as a 
model pollutant using a batch system and synthe-
sized ACNPs as adsorbents in an aqueous solution. 
Different doses of adsorbent, ranging from 50 to 
600 ppm, were screened into 100 mL at an initial 
phenol range concentrations of 30–120 ppm, in a 
conical flask of 250 mL, and stirred at 110 rpm 
in a rotary shaker. The study examined the effect 
of acidity ranging from pH 2 to 11 on the adsorp-
tion technique, as a result of contact time with two 
different times of 30 and 120 minutes at a tem-
perature of 25 °C. The solution pH was adapted 
to the required level by adding 0.1 N HCl and 0.1 
N NaOH. The phenol solution concentration was 
calculated employing a UV spectrophotometer 
with 500 nm wavelength. Equation 1 was applied 
to estimate the adsorption capacity q(t) (mg/g) of 
the phenol amount per unit mass of adsorbent at a 
given time (t) [Azeez and Al-Zuhairi, 2022].
	 q(t) = 

 

q(t) = (𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶)𝑉𝑉
𝑚𝑚   (1) 	 (1)

where:	Ci – the initial phenol concentration in 
ppm, Ct – the concentrations of phenol 
and at any time in ppm., V – the volume 
of the phenol in the sample, m – the adsor-
bent (ACNPs) weight.

Characterization of adsorbent

An  X-ray diffractometer (XRD) examina-
tion was implemented on the produced carbon 
nanoparticles utilizing a Bruker Meas Srv (D2-
208219)/D2-2082019 diffractometer apparatus 
from Bruker AXS in 8 Billerica, MA, USA.

Energy-dispersive X-ray (EDAX) analysis em-
ploying a Quanta TM 450 FEG equipment from 
Oxford Instruments in the USA and scanning elec-
tron microscopy (SEM) using a JoeL 6360LA appa-
ratus were conducted to examine the microstructure 
of the synthesized ACNPs. Additionally, A spec-
troscopy of Fourier transform–infrared (FTIR) type 
(Bruker Tensor 27 instrument, Germany) was ap-
plied to characterize the functional groups present in 
the ACNPs produced before and after the elimina-
tion 3 of phenol. The alkalinity and acidity degrees 
were measured by a pH meter (WTW, Germany).

RESULTS AND DISCUSSIONS

Characterizations of nano-activated carbon

The crystalline nature of the synthesized AC-
NPs was analyzed using the XRD test as shown 
in Figure 2. The XRD test is performed to analyze 
deeply the structural materials. The XRD test of 
biosynthesized nano-activated carbon displays 
wide peaks at ~ 25.8° and ~ 43°(weak) diffraction 
angles, almost comparable to the XRD results of 
standard activated carbon which has two peaks at 
diffraction angles of ~24° and ~44° (weak) dif-
fraction angles [Ryanto et al., 2020]. From Figure 
2, it was noticed that the dominant structure, in 
the absence of sharp peaks on the activated car-
bon diffractogram, was amorphous. In amorphous 

Figure 2. XRD pattern of as-prepared activated carbon NPs
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materials, there is more free space and cavities than 
in crystalline materials leading to high adsorption 
capacity [Moralı et al., 2018; Fadhil et al., 2017]. 

Figure 3 (a, b) elucidates the structure of bio-
synthesized nano-activated carbon using a scan-
ning electron microscope (SEM). Figure 3 shows 
that activated carbon forms of lignocellulose car-
bon are more effective and have desirable mor-
phologies with particle sizes between 28 and 60 
nm. Meanwhile, Figure 3c illustrates that the dis-
tribution of bio-activated carbon size is within the 
nanoscale range, with 72.1 nm average diameter. 
The biosynthesis of AC from cellulosic materials 
claims that materials based on cellulose can make 
AC with non-uniform and irregular (amorphous) 
carbon particles; additionally, carbon particles 
produced Nano-sized [Azeez and Al-Zuhairi, 
2022; Lee et al., 2013]. 

Moreover, the EDS elemental analysis results 
mapping of the synthesized Nano-activated car-
bon is illustrated in Figure 4, which contains C, 
O, Na, mg, Si, and Al elements. It was determined 

that all elements were homogeneously distribut-
ed. As can be seen in Figure 3a, the activated car-
bon is essentially synthesized from cellulose ma-
terial as a feedstock. Thus, the intense presence of 
C and O is a predictable result [González-García, 
2018]. The results obtained were closely com-
parable to those stated by Liang et al. in 2020., 
which found that AC synthesized from coconut 
shells had higher C and O wt%.

The FTIR analysis was applied to recognise 
the functional groups of the nanosized activated 
carbon as depicted in Figure 5. The broad peak of 
3422.6 cm−1 is related to O–H group bands attrib-
uted to the H2O molecules vibration [Saleh and 
Danmaliki, 2016]. The observed peak at 1697 
cm-1 relates to the C = O bending of R-COOH 
[Baikousi et al., 2012]. The band 1467 cm-1 over-
laps to the asymmetrical and symmetrical C-H 
stretched vibrations. The large peaks from 900 
to 1300 cm-1 represent the weak band due to the 
presence of the C–O group in the sample [Liu et 
al., 2017]. Furthermore, the peak at 875 cm−1 is 

Figure 3. (a, b) SEM, (c) particle size distribution of AC biosynthesized

Figure 4. EDS analysis of nano-activated carbon biosynthesized
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related to the stretching vibrations of C−H [Veer-
apandian et al., 2015]. Finally, some differences 
in absorbance peaks were noticed after nanoscale 
AC adsorption of phenol from synthetic waste-
water, because of the relationship between phenol 
and functional groups of the adsorbent.

Experimental design 

The four distinct factors of (A) phenolic con-
taminant content, (B) pH, (C) dose adsorbent 
concentration, and (D) time were studied utiliz-
ing statistical analysis and experiment design, 
data analysis (Design Expert Software), Statisti-
cal, Ease Inc., Minneapolis, MN, USA 7.0) and a 
central composite design (CCD) using a response 
surface methodology (RSM) [Ozbay and Yargic, 
2015]. The program was used to create graphs and 
calculate effects that perform variance analysis, 
where responses and factors are two categories of 
variables used in the optimization process [Sha-
kor et al., 2022]. The use of the response surface 
method in many chemical and physical processes 
to build a series of tests is a clear and simple way to 
choose the most appropriate practical experiments. 
In this work, four process variables were linked to 

the operation, namely initial phenol concentration, 
pH solution, adsorbent dose, and content time. The 
ratios of these variables were improved to remove 
phenol. Four variable components and three levels 
were used in the study, ranging from (-1) mini-
mum, average (0), to (+1) maximum as indicated 
in Table 1. Table 2 illustrates the specific data for 
each of the 30 runs [AbdulRazak et al., 2018]. 

Regression model equation

To incorporate only significant factors in the 
models, the experimental findings for phenol re-
moval were modelled by applying the backward 
regression method. This process was carried out au-
tomatically using Design Expert 7.0.0. The follow-
ing factors, encoded as an equation of second-order 
polynomial quadratic, were used to build the model 
for phenol elimination (response). Where A repre-
sents the initial concentration (ppm) of phenol, B is 
the solution pH, C is the adsorbent dose (ppm), and 
D indicates the contact period (minutes). Positive 
signals in the suggested model denote an increase 
in the phenol removal ratio caused by these vari-
ables, whereas negative signs suggest a drop in the 
response, see Equations 2 and 3.

Figure 5. FTIR analysis of nano-activated carbon biosynthesized (A) before (B) and after adsorption.

Table 1. High, central and low levels of the independent variables

Factor Symbol
Levels

-1 0 +1

Initial concentration (ppm) A 30 75 120

PH B 2 6.5 11

Dose (ppm) C 50 325 600

Time (min) D 30 75 120
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	• Coded equation
	Adsorption capacity (qe) = + 7.80 + 24.66A - 	
	 -12.43B - 20.97C + 1.64D + 2.81AB - 	
	 - 15.37AC+ 2.86 AD + 2.34 BC +	
	 + 1.87 BD + 1.48 CD  - 19.06 A2 +	
	 + 38.04 B2 +20.53 C2 + 1.75 D2	 (2)
	• Actual equation 

	 Adsorption capacity (qe) = + 62.52038+	
	 + 2.16724  initial conc. - 29.531080 pH - 	
	 - 0.180813 dose -0.298267  time + 0.013861	
	initial conc.  pH - 0.001242 initial conc. dose +	
	 + 0.001415 initial conc. time + 0.001893	
	 pH  dose + 0.009239 pH time + 0.000119	
	dose time - 0.009412 initial conc.² + 1.87855	
	 pH² +0.000271 dose² + 0.000866 time² 	 (3)

The negative value related to the adsorbent 
dose (C) and (B) pH of the solution has a negative 
effect as these terms increase the rate of adsorp-
tion capacity. On the contrary, the positive value 
related to the overlay of primary phenol (A) and 
content time (D) denotes that it had a positive im-
pact on the adsorption capacity of % phenol.

ANOVA analysis

An ANOVA  test  was  conducted to examine 
the accuracy and relevance of the current model.
The findings are listed in Table 3. With a high F 
value of 216.64, the value p was set a > 0.05. These 
results support the idea that the best model for 
demonstrating the process of phenol elimination 

Table 2. Experimental design data concerning percentage phenol removal

Std Run Factor (1)
initial conc. (ppm)

Factor (2)
PH

Factor (3)
dose (ppm)

Factor (4)
time (min)

Response1 
adsorption 

capacity(qe) (mg/g)
2 1 30 11 600 120 7.012

29 2 120 11 50 120 103.85

18 3 120 2 50 30 120.67

3 4 75 6.5 325 75 8.576

23 5 30 11 600 30 3.789

27 6 30 11 50 120 15.355

14 7 30 2 600 30 30.37

13 8 75 6.5 325 75 8.576

11 9 30 2 50 30 55.58

1 10 75 6.5 325 75 8.576

16 11 75 6.5 325 75 8.576

30 12 75 6.5 325 75 8.576

19 13 75 6.5 325 75 8.576

25 14 75 6.5 325 75 8.576

6 15 75 6.5 325 75 8.576

5 16 120 6.5 325 75 9.89

28 17 75 11 325 75 29.9

12 18 120 11 600 120 37.5

24 19 75 6.5 325 75 8.576

17 20 75 6.5 325 30 8.9

4 21 120 2 600 30 38.89

15 22 30 11 50 30 11.39

10 23 120 2 600 120 49.408

20 24 120 2 50 120 125.29

7 25 30 2 600 120 34.92

21 26 75 6.5 325 120 10.2

9 27 120 11 600 30 26.335

22 28 120 11 50 30 91.34

8 29 75 6.5 600 120 8.72

26 30 30 2 50 120 36.82
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is the second-order quadratic model. Model terms 
with «Prob > F” values lower than 0.0500 are 
significant.

In this case, the moel terms A, B, C, D, 
AB, AD, BC, BD, CD, and  B². regression co-
efficients R2, adapted R2 and forecast R2, which 
were 0.9951, 0.9905 and 0.9492 respectively, 

were used to assess the correctness of the 
aforementioned models. These  findings  sug-
gest that a significant amount of the experimen-
tal data may be accounted for.

Figure 6 illustrates the actual percentage of 
phenol removal values against the predicted val-
ues, demonstrating a strong agreement between 

Table 3. The ANOVA results for the phenol removal model
Source Sum of squares df Mean square F Value p-value Prob > F

Model 35159.02 14 2511.36 216.64 < 0.0001 significant

A-initial conc. 9891.01 1 9891.01 853.23 < 0.0001

B-PH 2513.38 1 2513.38 216.81 < 0.0001

C-dose 7155.59 1 7155.59 617.26 < 0.0001

D-time 49.34 1 49.34 4.26 0.0569

AB 126.06 1 126.06 10.87 < 0.0049

AC 3781.11 1 3781.11 326.17 < 0.0001

AD 131.30 1 131.30 11.33 0.0042

BC 87.76 1 87.76 7.57 0.0148

BD 56.01 1 56.01 4.83 < 0.0441

CD 35.43 1 35.43 3.06 0.1008

A² 490.39 1 490.39 42.30 <0.0001

B² 1953.70 1 1953.70 168.53 < 0.0001

C² 320.56 1 320.56 27.65 <0.0001

D² 5.14 1 5.14 0.4433 0.5156

Residual 173.89 15 11.59

Lack of fit 173.89 7 24.84

Pure error 0.0000 8 0.0000

Cor total 35332.91 29

Std. dev. 5.27 R² 0.9951

Mean 32.56 Adjusted R² 0.9905

C.V. % 16.20 Predicted R² 0.9492

Adeq Precision 49.5994

Figure 6. The predicted against the actual percentage of removal phenol
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the two sets of data. The influence of the initial 
concentration of the phenol ion on the perfor-
mance of the adsorption process was examined. 
Figure 7 displays the adsorption ratio with vari-
ous initial concentrations of phenol ions (30–120 
ppm), It was clear when the phenol concentra-
tions were increased from 30 to120 ppm, the ad-
sorbent’s adsorption effectiveness rose, which is 
attributed to the adsorbing sites found on the AC-
NPs surface. The raise in the phenol concentra-
tion led to a reduction in the adsorption capacity 
due to the saturation of active adsorption sites on 
the surfaces of ACNPs [ Younis et al., 2014].

The pH of the solution is a critical factor that af-
fects the absorption of phenol from wastewater. The 
pH effect on the effectiveness of ACNP-mediated 
phenol adsorption is presented in Figure 8. The pH 

values range from 2 to 11, keeping the adsorbent 
dose of 325 ppm and contact time constant at 75 
minutes, with an initial concentration of 75 ppm. 
Therefore, this section’s research aims to deter-
mine the ideal pH of modified ACNPs to obtain the 
best adsorption efficiency when removing phenol 
from aqueous media. It was observed that the most 
efficient adsorption of ACNPs for phenol occurred 
at a pH of 6.5, with pH values over 7 consider-
ably decreasing the adsorption efficacy. An essen-
tial part of the adsorption process is played by the 
active-surface functional groups of nanostructure-
activated carbon on ACNPs Mirian and Nezamza-
deh-Ejhieh, 2016]. At pH 6.5, it was discovered 
that the nanomaterial’s surface alteration with reed 
stalks was sufficient to provide a virtually net posi-
tive surface charge. Furthermore, positive charges 

Figure 7. The impact of the initial concentration (ppm) on the adsorption capacity

Figure 8. The effect of pH on adsorption capacity
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were built up on the surface of the nanomaterial 
in an acidic condition (pH = 2). Accelerated phe-
nol absorption resulted from these electrostatic 
exchanges through the negatively emotional sur-
face of the phenol ions. Because of the possible 
disgusting forces amongst the negative charges on 
the outward of ACNPs and phenoxide ions, it was 
seen that the phenol molecules detach in the ba-
sic aqueous solution at 11 to create phenoxide ions 
that were slightly immobilized, disturbing the ad-
sorption process at an acidic environment [Zhang 
et al., 2018]. Moreover, it was shown that greater 
repulsive forces between the surfaces of negative 
ACNPs and phenolic molecules appeared, which 
led to a reduction in the amount of adsorption, and 
reduced the removal effectiveness of phenolic pol-
lutants in the basic medium at pH equal to 11 [Aaz-
za et al., 2017]. The effect of nano-activated carbon 
on the adsorption process is presented in Figure 9. 
The nano adsorbent concentrations ranged from 
50 to 600 ppm. The amount of the removal phe-
nol decreased from 10.2 to 8.72 when the amount 
of adsorbent was doubled from 325 to 600 ppm). 
The absorption process sustained to reduction as 
the adsorbent concentration augmented but at a 
slower rate. The reduction for phenol adsorbed per 
unit weight of the adsorbent is probably caused by 
the concentration difference between the phenol in 
the bulk and the phenol on the surface of the AC-
NPs adsorbent. Therefore, as the concentration of 
the adsorbent increased, the phenol adsorption ef-
ficiency decreased [Kumar and Jena, 2016]. 

The important fundamental elements that af-
fect the effectiveness of adsorption is the effective 
adsorption time spent in the interaction between 

the adsorbents. Figure 10 illustrates the removal 
experiments performed over a range of contact 
times (30–120 minutes) to investigate the impact 
of contact duration on the best conditions for ad-
sorbing phenol ions using ACNPs. These experi-
ments were conducted at pH 6.5, with a phenol 
concentration of 75 ppm, and a 325 ppm nano 
active carbon adsorbent dose. When the contact 
time was extended from 30 minutes to two hours, 
a progressive improvement in the effectiveness 
of phenol elimination was achieved. The ACNPs 
showed efficient adsorption of phenol ions com-
pared to previous research on other adsorbents. 
[Younis et al., 2016]. Bhatnagar, 2007 carried out 
the bromo phenol adsorption on carbon sorbents 
made from solid fertilizer waste, and the process 
reached equilibrium in eight hours. The findings 
were attributed to the adsorbent having enough 
unoccupied adsorption sites for the 2 hours of 
adsorption time, which is the period obligatory 
to grasp the equilibrium point of adsorption. At 
this point, the adsorbed saturated surfaces’ active 
sites, and the phenol ions in the aqueous medium 
did not disappear [Zainudin et al., 2010].

The combined effect of variables 
on phenol removal

The study examined the removal of pheno-
lic pollutants concerning the initial concentra-
tion of phenol, adsorbent dose, reaction time, the 
ACNPs solution pH, and combined influence of 
these variables. Plotting the phenol removal per-
centage versus two independent variables while 
holding other factors constant resulted in 3D 

Figure 9. Effect of adsorbent dose (ppm) on the adsorption capacity
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response surface plots. Response surface (3D) 
plots resembling two-dimensional contour plots 
can be used to show how independent variables 
affect response. Figure 11 provides an additional 
illustration of the pH effect. Sodium hydroxide 
and diluted hydrochloric acid were employed to 
alter the solution pH when the pH was over 7, 
the removal’s efficacy dropped, and it was most 
effective at pH 6.5. The reducing role of Nano 
carbon in the oxidation-reduction cycle is the 
cause of the acidic state [Rasheed et al., 2011]. 
The pollutant can be absorbed onto the surface 
of the adsorbent molecules more readily at pH 
6.5. Reduced phenol removal results from the in-
soluble forms of ACNPs that diffuse into reactive 

sites under alkaline conditions. Phenoxide mol-
ecules interact with the adsorbent when they are 
negatively charged in an alkaline environment. 
The phenoxide ion and (O–H) group are sub-
jected to repulsive forces as a result of this oc-
currence. Furthermore, the electrostatic repulsive 
force grows stronger with increasing pH, which 
slows down adsorption and diffusion. Addition-
ally, the electrostatic repulsive force becomes ef-
fective at high pH values because the surface of 
ACNPs becomes negative. Acidic environments, 
on the other hand, encourage cleaning metal sur-
faces. These activities both increase the solubil-
ity of these hydroxides and lessen the passivation 
of carbon nanoparticles [Saharan et al., 2014]. 

Figure 10. The impact of content time (minutes) on the capacity of the adsorption process

Figure 11. Effect of interaction between initial concentration of phenol and pH on the % 
adsorption capacity at a constant contact time of 75 min and the adsorbent dose of 72 mg/l
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This leads to an enhancement in the breakdown 
of phenol molecules with adsorbent molecules 
at low pH. Activated nanocarbon (ACNPs) mol-
ecules also have a positive charge at pH 6.5. Ion-
ized phenolic species with negative charges are 
absorbed by these positive charges. 

The impact of the ACNPs adsorbent dosage 
on the phenol removal was examined by chang-
ing the adsorbent dose from 50 to 600 ppm as 
represented in Figure 12. The phenol removal 
rate decreased significantly when the adsorbent 
loading reached 600. The efficiency of remov-
ing phenolic pollutants decreased from 120.67 to 
38.89 ppm with the other three variables constant. 
This indicates that increasing the dose of the ad-
sorbent resulted in a decrease in the phenol ef-
ficiency, which can occur due to a decrease in the 
active surface of the adsorbent [Ahmadi and Mo-
stafapour, 2017]. The increase in the adsorbent 
amount led to higher phenol absorption because 
of the increased active surface area and active 
sites of the adsorbent [Sui et al., 2011]. 

When the contact time was extended, while 
maintaining the other factors constant, the results 
indicated that the optimal contact times for phe-
nol removal by active carbon nanoparticles were 
120.67 min and 125.59 minutes. The efficiency of 
phenol elimination was observed to rise with time, 
reaching a plateau after 120 minutes, as illustrated 
in Figure 13. The site intercalation between the 
phenol ion and the surface-active groups is respon-
sible for the phenol elimination within the speci-
fied period. Moreover, the enhanced availability at 

adjacent active locations on the sorbent’s surface 
area explains the extra absorption at the aforemen-
tioned times [Ulucan et al., 2013]. 

The adsorption of primary phenol was also ex-
amined in the concentration range from 30 to 120 
ppm as clarified in Figure 13. It was noted that in-
creasing the concentration of primary phenol led to 
an increase in the absorption efficiency, where the 
absorption efficiency rose from 7.012 to 37.5 with 
the rise in the initial phenol concentration while 
keeping the others constant. The removal of phenol 
by ACNPs depends on the relationship between 
the phenol and the reactive sites on the surface of 
the adsorbent [Asmaly et al., 2015]. 

Figure 14 illustrates the relationship inter alia the 
adsorbent amount and the pH of the solution remain-
ing the time constant at 75.9 minutes, with 75.9 ppm 
as an initial phenol concentration. The amount of ad-
sorbent had a detrimental impact on the efficiency 
of pollutant removal. However, the removal of pol-
lutant efficiency increased as the adsorbent dosage 
increased across the entire range (2–11) of the solu-
tion pH. The adsorbent concentration is considered 
an essential factor in determining its capacity to ad-
sorb a certain initial phenol. Adsorption tests were 
conducted using 50 to 120 ppm of adsorbent for 
120 minutes, with an initial phenol content of 87.6 
ppm, to estimate the impact of adsorbent amount on 
the adsorption process. It was revealed that when 
the adsorbent concentration increased as the pH 
dropped from (2–11), the effectiveness of pollutant 
removal fell. Moreover, as the adsorbent  dose  in-
creased,  the  amount  of  phenol  adsorbent  per-

Figure 12. The interaction impact between the initial concentration of the phenol and adsorbent dosage 
(mg/l) on the % of the capacity of the adsorption process at a contact time of 75.9 min and PH 6.5
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gram of  adsorbent  (qe) decreased. This  is because 
increasing  adsorbent  concentrations  led  to  the  ac-
cumulation of particles and the constant phenol con-
centration created unsaturated active sites on the ad-
sorbent surface [Chakravarty et al., 2010].

Figure 15 illustrates the impact of simultane-
ous alterations in pH and contact time, and dis-
plays the connection between contact time and 
pH with constant variables (initial concentration 
120 ppm and adsorbent dose 50 ppm). The find-
ings showed that high phenol removal efficiency 
was achieved by increasing the deposition duration 
as the pH value decreased. As the pH level drops 

into the ideal range from 2 to 11 required for the 
adsorption process, positive charges typically pre-
dominate on the surface of active molecules [Hoa 
and Hue, 2018], leading to the production of col-
loids and the removal of pollutants [Camacho et 
al., 2017]. These findings are consistent with those 
of the results obtained by Boulaadjoul et al., 2018. 
After 30 min of settling time, researchers found 
that 97% of the turbidity in the paper mill effluent 
was eliminated at pH ranges of 2–11. According to 
Al-Gheethi et al., 2017, phenol treatment effective-
ness under lower PH values can be improved by 
allowing for a settling time of more than one hour. 

Figure 13. The interaction impact between initial phenol concentration and content time 
(min) on the % adsorption capacity at an adsorbent dose of 72 ppm and pH 11

Figure 14. The interaction impact between adsorbent dose and PH on the % adsorption 
capacity at initial concentration phenol 87.6 (ppm) and content time 120 min
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Optimization of experimental condition

A desirability function was applied to each 
response and each of the individual elements in 
the numerical optimization. It was determined 
the maximum responses with different param-
eters, initial phenol concentrations of 30 to 120 
ppm, contact time of 30 to 120 minutes, and 
adsorbent doses of 50 to 600 ppm, as well as 
with a range of pH from 2 to 11. These factors 
were used to compute the desired values for nu-
merical optimization. Because of the response 

surfaces’ curvature and how they integrate with 
the want function, a maximum of two targets 
can be attained when desire is produced ran-
domly [Design Expert Software]. Approxi-
mately one hundred optimized conditions were 
gained within the designed space to achieve 
high efficiency. Figure 16 shows that the most 
appropriate option chosen with the best adsorp-
tion capacity of the phenol was 30.0825 mg/g 
at 30 mg/l initial phenol concentration, 600 
mg/l adsorbent dose, and 120 min content time 
at pH = 2 [Tetteh and Rathilal, 2021].

Figure 15. The interaction impact between content time (min) and pH on the % adsorption 
capacity at initial concentration phenol 120 ppm and adsorbent dose ppm

Figure 16. Desirability ramp for the four selected goals numerical optimization
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CONCLUSIONS

The study magnificently attained its goal of 
representing that ACNPs synthesized from reed 
stalks, a local bio-based material, is an effective 
adsorbent for removing phenol from contaminated 
wastewater. Using experimental statistical design, 
response surface methodology (RSM), and central 
composite design (CCD), the study identified the 
optimal conditions for phenol removal, achieving 
an adsorption capacity of 30.0825 mg/g at a phenol 
concentration of 30 mg/l, pH of 2, adsorbent dose 
of 600 mg/l, and contact time of 120 minutes.

The study’s outcomes filled a gap in understand-
ing bio-based ACNPs for phenol removal, predomi-
nantly with detailed optimization using statistical 
methods. The use of a second-order quadratic model 
accurately predicted the phenol elimination process, 
as evidenced by high regression coefficient values 
(R² = 0.9951, adjusted R² = 0.9905, and forecast 
R² = 0.9492). These results validate the model 
and highlight the potential of this style for emerg-
ing efficient, sustainable solutions for wastewater 
treatment. This study opens up new prospects for 
using locally sourced, bio-based materials in envi-
ronmental remediation and provides a framework 
for further optimization and application of nano-
materials in water purification.
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