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Abstract 

Phenol is present on the top list of toxic pollutants. Enormous researches discussed phenol removal from the 

wastewater with hydrogels incorporated with biochar utilizing adsorption technique. However, no available information has 

been recorded investigating the ability of biochar-based nanocomposite hydrogel to degrade phenol under light irradiation as 

well as studying its biological activity. Accordingly, this work aims at preparation of the biochar nanorods (BNRs) from the 

rice husk as a precursor. Then, BNRs were included in the polyacrylamide matrix (PAH) via in-situ polymerization with 0.15 

wt.%. The obtained BNRs, PAH, and their nanocomposite hydrogel (PABN) were well-characterized. Scanning electron 

microscope (SEM), transmission electron microscope, X-ray diffraction (XRD), and Fourier transfer infrared (FTIR) 

confirmed the successful preparation of biochar rods in the nano scale and its effective inclusion in the PAH matrix. Also, 

thermal gravimetric analysis (TGA) exhibited improvement in the thermal stability of PABN by ~ 10 %. Moreover, surface 

texture, in terms of surface area and pore size/radius, and the energy band gap were determined with the N2 adsorption-

desorption and the spectroscopic analysis, respectively, for the obtained hydrogels. The removal of phenol was implemented 

under UV luminance and in the dark. Despite, PABN has a lower surface area and a larger band gap, it exhibited 90 % 

removal of phenol under the irradiation conditions and 65 % in the dark, higher than the pristine matrix, confirming the 

impact of photocatalysis. Antimicrobial evaluation proved the biocidal potential of PABN against Gram-positive and Gram-

negative bacteria in addition to yeast. It could be claimed that the obtained nanocomposite hydrogel-based biochar and 

polyacrylamide paves the way towards a next generation of highly effective photocatalysts and bactericidal agent for water 

treatment applications with economic and environmental impacts.   
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1. Introduction 

 

Phenols and their synthetic derivatives have 

a wide range of industrial applications such as 

plastics, resins, pharmaceutical products, pesticides, 

and oil refinery[1-4]. However, they are listed as 

toxic organic pollutants according to the Document 

of United State Environmental Protection Agency 

(USEPA) [5]. Phenolic compounds have serious 

effects on the aquatic systems and the human’ health 

such as liver, kidney, and nervous diseases due to the 

continuous disposal in the wastewater [6]. 

Nevertheless, the accepted limit of phenol is 1 mg/L 

in the wastewater [7]. Therefore, the current research 

focuses to develop powerful techniques and high-

performance materials that have the ability to remove 

these pollutants from the wastewater. For instance, 

adsorption, chemical oxidation, liquid–liquid 

extraction, and biological treatment are the most 

common techniques used for decontamination of 

water from the organic poisons [8-12]. These systems 

have pros, such as the high efficiency and the 

durability, and cons such as the cost, the complex 
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operation, and the poisonous residues [13]. 

Particularly, photocatalysis deems a promising 

alternative in the recent years in the removal of 

organic pollutants thanks to its outstanding features. 

It has economic impacts since UV and visible light 

radiations are used. Also, photocatalysis considers an 

efficient process since no waste is obtained, due to 

the complete mineralization of the polluted water, 

and hence environmental impacts [14]. 

Among the frequently used materials in the 

water treatment applications, hydrogels are cross-

linked networks of hydrophilic polymers with a high 

swilling capacity in water [15]. Hydrogels showed 

high efficiency in removing of the water 

contaminants such as dyes, heavy metals, and organic 

pollutants [16]. For name but a few, poly (acrylic 

acid -co- vinyl phosphonic acid) hydrogel cross-

linked with N -maleyl chitosan eliminated crystal 

violet and methylene blue dyes with the adsorption 

capacity of 64.56 mg/g and 66.89 mg/g, respectively 

[17]. In another study, grafted cellulose hydrogel was 

found as a promising adsorbent for phenols with the 

maximum adsorption capacity of 80.71 mg/g, which 

is ~ 3 times greater than the traditional carbon-based 

materials [18]. Dutra et al. proved that 

polyacrylamide/ starch hybrid hydrogels could adsorb 

phenol from the wastewater with the maximum 

adsorption capacity of 21 mg/g [19].  On the other 

hand, hydrogels are considered as proper substrates to 

host the nanomaterials within their matrices. These 

hybrid structures display synergistic effects when 

mixed with the contaminants and hence improve the 

efficiency of the removal process [20]. For instance, 

collagen-based hydrogel nanocomposites showed the 

maximum adsorption capacity of cationic dye more 

than 90% [21]. Wang and his colleagues have 

prepared nanocomposite hydrogels based on 

hydroxypropyl cellulose and graphene oxide 

[22].  Their results emphasized the strong affinity of 

these hydrogels towards phenol even after six 

adsorption–desorption cycles. A recent interesting 

study has been published studying the removal of 

carcinogenic dyes using composite hydrogel based on 

bacterial cellulose incorporated with zeolite particles 

[23].  

Indeed, biochar (BR) is one of carbonaceous 

materials that can be obtained in the nanoscale [24]. 

BR have unique characteristics such as high surface 

area, high exchange capacity, inexpensive material, 

and low bulk density [25]. Biochar can be obtained 

from the biomass residues via pyrolysis at the 

optimized temperatures [26]. In particular, biochar 

has a strong applicability in the water treatment due 

to its high affinity to adsorb the toxic compounds on 

its surface and cost-effective adsorbent [27]. 

Therefore, several articles incorporated biochar, 

produced from different sources, in the hydrogel 

matrices (hydrogel-biochar composite) in order to 

improve the performance of the neat polymers 

towards the removal of organic or even inorganic 

pollutants. For illustration, a composite hydrogel 

based on poly acrylamide and rice husk biochar-

hydrogel exhibited a maximum sorption capacity for 

arsenic of 28.32 mg/g [28]. Another hydrogel 

included rice husk biochar displayed a maximum 

sorption capacity for zinc 35.75 mg/g [29]. Phenol 

was effectively removed by several composite 

hydrogels contain biochar derived from various 

resources as follows: - (I) Composite hydrogel based 

on polyacrylamide and palm kernel shell biochar 

showed a maximum sorption capacity of 19.05 mg/g 

[30]. (II) Karakayun and his colleagues developed 

three composite hydrogels [31]. Each hydrogel was 

incorporated with biochar from different sources. The 

results presented a diversity in the adsorption 

capacities by changing the biochar source. Hydrogels 

contain chicken biochar, wood biochar, and tire 

biochar exhibited phenol adsorption per unit mass of 

29.77 mg/g, 30.68 mg/g, and 17.29 mg/g, 

respectively. (II) Polyacrylamide / rice husk biochar 

composite hydrogel was used to remove phenol and 

p-nitro phenol by adsorption technique [32]. In their 

study, people found that the highest removal of 

phenol and p-nitrophenol, of concentrations 50 mg/L, 

was 82.2% and 84.6%, respectively, after 10 days.  

For the best of our knowledge, the photo 

degradation of phenol was not discussed before over 

polyacrylamide / rice husk biochar nanocomposite 

hydrogel. All the previous studies used hydrogels-

based biochar as adsorbents rather than as 

photocatalysts. Accordingly, in the present study, 

biochar was successfully prepared in the nano scale 

via pyrolysis of rice husk residues. Then, the obtained 

nanorods were incorporated during the 

polymerization of acrylamide in order to eventually 

obtain polyacrylamide / biochar nanocomposite 

hydrogel. Various physical characterizations were 

used to investigate the produced samples. 

Particularly, the prepared hydrogels were studied as 

photocatalysts irradiated under UV in the synthetic 

phenolic water and the removal was detected over the 

time. Moreover, literatures are lack in information 

about the biocidal potential for this type of hybrids 

which intensively investigated during this study.  

 

 

 

2. Experimental 

 

2.1 Materials 
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Acrylamide (AAM, 99%), as a commercial 

monomer, was purchased from ALPHA CHEMIKA, 

India. N, N` methylene Bis acrylamide (NNMBA), as 

a cross-linker, was bought from Sisco Research 

Laboratories Pvt. Ltd. (SRL), India. Potassium per 

sulphate (K2S2O8, 99.99 %), as an initiator, was 

provided from Sigma-Aldrich, St. Louis, USA. Rice 

husk was collected from the Egyptian environment, 

well-washed with the deionized water, and dried in 

the oven at 105 °C overnight in order to get rid of the 

moisture content. 

 

2.2 Preparation of Polyacrylamide Hydrogel (PAH) 

 

Poly acrylamide hydrogel was prepared by 

dissolving 12 g of acrylamide monomer in 100 mL 

distilled water. Then, the solution of NNMBA (0.2 g 

in 2 mL) was added carefully to the previous solution 

and the reaction mixture was left under vigorous 

stirring in a water bath for 20 min. at 60 
o
C. After 

that, potassium per sulfate (0.2 g in 2 mL) was 

inserted drop-wise in order to initiate the 

polymerization reaction. Two hours later, the reaction 

was stopped and the produced hydrogel was washed 

several times by decantation and finally dried in the 

vacuum oven at 60 
o
C overnight (Scheme 1). 

 

2.3 Synthesis of Biochar Nanorods (BNR)  

 

Utilizing a pilot-scale electric pyrolyzer with a 

maximum batch processing capacity 10 kg, biochar 

was obtained. In the typical procedure, the rice husk, 

as a raw material, was fully loaded in the combustion 

chamber and the air was swapped out with the 

nitrogen gas. Then, the carbonization was carried out 

at 420 °C (3.5 °C/ min.) for an hour (Scheme 1). 

After that, the sample was cooled to the ambient 

temperature followed by collecting and packaging in 

a stainless-steel container to avoid the oxygen 

exposure. 

 

2.4 Preparation of Polyacrylamide / Biochar 

Nanocomposite Hydrogel (PABN). 

The polyacrylamide / biochar-based nano composite 

hydrogel was obtained through in-situ polymerization 

process. Following the same procedure mentioned in 

section 2.2, acrylamide monomer (12 g) was 

dissolved in 100 mL distilled water and then, various 

amounts of the prepared biochar (0.05, 0.1, and 0.15 

wt.%) were wisely added. The reaction mixture was 

sonicated for 60 min. and left under a vigorous 

stirring for a further 3 hrs. till attaining a 

homogeneous dispersion. Then, the solution of 

NNMBA (0.2 g in 2 mL) was added carefully to the 

prepared suspension followed by a vigorous stirring 

in a water bath for 20 min. at 60 
o
C. After that, 

potassium per sulfate (0.2 g in 2 mL) was inserted 

drop-wise and the reaction was continued for 2 hrs. 

Finally, the produced nanocomposite hydrogel was 

well-washed and dried in the vacuum oven at 60 
o
C 

overnight (Scheme 1). 

 

2.5 Techniques 

2.5.1 Morphology 

Scanning electron microscope images were captured 

for the prepared samples by JEOL-SEM with an 

acceleration voltage of 80 kV. Particularly, hydrogel 

samples were scanned after drying. Moreover, 

transmission electron microscope provided an image 

for the obtained biochar nanorods as an additional 

confirmation for its morphology.  

 

2.5.2 Structural analysis  

 

Fourier transform infrared (Perkin Elmer, USA) was 

used in order to investigate the functional groups 

propagated on the surface of prepared powders and 

illustrate the nature of interaction within the 

nanocomposite hydrogel. On the other hand, X-ray 

diffraction spectrum was displayed by Bruker 

diffractometer (Bruker D 8 advance target) for the 

biochar sample to explore its crystallography. The 

analysis was operated with a radiation source (CuKa), 

a secondly monochromator (k = 1.5405 A °, at 40 kV, 

and 40 mA), and a scanning rate (0.2 min
-1

).  

 

2.5.3 Thermal analysis 

Thermal degradation behavior for the prepared 

hydrogels were evaluated using Simultaneous DSC-

TGA instrument (SDT Q600, USA).  

 

2.5.4 Surface Texture 

he surface properties were investigated for the 

prepared hydrogels with Quantochrome Nova-Touch 

4LX automated gas-sorption apparatus (USA).  

 

2.5.5 Band gap 

The band gap was measured for the prepared 

hydrogels with UV–vis spectrophotometer (T80 + 

UV-Vis, PG Instruments Ltd.) on the reflection mood 

of analysis. The energy band gap values were 

calculated using Kubelka-Munk function (KM-

Function) [33]. 
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Scheme 1: Representation steps for the preparation of polyacrylamide, biochar nanorods, and their 

nanocomposite hydrogel 

  

2.5.6 Photocatalysis evaluation  

A stock of phenol solution (600 mg/L) was prepared. 

One gram of the prepared hydrogels was mixed 

separately with 500 mL taken from the as prepared 

phenol stock. The mixture was irradiated under UV 

lamp (λ=368 nm). Over four hours of treatment, a 

sample was withdrawn each 20 min. and the organic 

content was evaluated using chemical oxygen 

demand (COD) in mg/L. The previous steps were 

done in dark in order to confirm the photocatalytic 

activity for the prepared catalysts. 

 

 

 

2.5.7 Biological evaluation 

The antimicrobial effect of the prepared 

nanocomposite hydrogel compared to the pristine 

materials was investigated against Gram-positive  

bacteria (Staphylococcus aureus and Bacillus cereus), 

Gram-negative bacteria (Escherichia coli and 

Pseudomonas aeruginosa), and yeast (Candida 

albican).   
In the typical procedure [34] , 1 mg of the sample 

was incubated under shaking with (50 µL) of 

bacterial suspension inoculated to 5 mL of nutrient 

broth in a sterilized test tube at 37 
o
C for 24 h. The 

biocidal potential of the sample was determined by 

measuring the optical density (OD) with UV–vis 

spectro-photometer at a fixed wavelength (600 nm). 
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On the other hand, colonies forming unit (CFU) 

method was also performed in order to confirm the 

biological strength of the prepared materials.  

3. Results and Discussion 

3.1 Microscopic Analysis

 

 

Figure 1: Scanning electron microscope images of biochar nanorods (A), polyacrylamide hydrogel (C), and their 

nanocomposite (D). Inset represents a different scenery of polyacrylamide/biochar nanocomposite hydrogel. 

Image (B) is the transmission electron microscope micrograph of the obtained biochar nanorods. 

 

SEM micrographs of the obtained biochar nanorods, 

polyacrylamide hydrogel, and their nanocomposites 

are depicted in Fig. 1(A, C-D). Particularly, Fig. 1(A-

B) confirmed the rod like structure of the prepared 

biochar. Obviously, different sizes of the nano rods 

are composed in separate and aggregates bundles 

morphology. Indeed, the morphology of the produced 

biochar strictly depends on the pyrolysis conditions 

even the source is the same [35, 36]. Fig. 1(C) 

displays the microstructure of the synthesized 

hydrogel sample in the dried solid state. 

Significantly, the sample has heterogeneous porosity 

as the pores have different sizes. This morphology 

resembles the previously reported by Kim et al. [37]. 

Incorporation of the biochar nanorods into PAH 

matrix causes filling of its micro pores without 

affecting the polymer structure, Fig. (D). Also, some 

nanorods agglomerations can be noticed, Fig. (D, 

inset image). 

 

3.2 Fourier Transform Infrared (FTIR) 

Surface functional groups present on the backbone of 

the prepared samples were investigated with FT-IR 

measurement in the mid infrared region between 

4000 and 400 cm
-1

, Fig. 2. PAH spectrum shows a 

broad band with a small shoulder at 3455 and  

3230 cm
-1

 attributed to symmetric and asymmetric 

stretching of –NH2 groups, respectively [38]. Further 

bands pronounced at ~ 2928, 1640, 1618, 1412, and 

1120 cm
-1

 assigned to –CH aliphatic, -C=O, -N-H, -

C-N, and C-C groups, respectively [38]. However, 

BNR displays a relatively wide band at ~ 3430 cm
-1

  

corresponds to the vibration of -OH groups. Other 

peaks observed at 1730 and 1625 cm
-1

 are referred to 

the C=O and C=C stretching vibrations, respectively 

[39]. However, these peaks are overlapped and the 

peak corresponding to carbonyl group appeared with 

a low intensity. Some weak bands were also detected, 

between 1000 and 1400 cm
-1

, corresponding to the 

OH bending and C–O stretching vibrations [39, 40]. 

Indeed, the presence of various surface functional 

groups on the biochar backbone enhanced the 

interaction with the polymeric matrix. Therefore, 

incorporation of biochar in polyacrylamide matrix, 

PABN, showed broadening and overlapping of their 

peaks indicating the strong physical interaction 

within the nanocomposite matrix i.e. the peak 

assigned at ~ 3430 cm
-1

 was shifted to a lower wave 

number and became broader which might be 
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attributed to the possible hydrogen bonding between 

the oxygenated functional groups like hydroxyl 

groups and carbonyl of biochar and amide groups of 

PAH causing shifting and overlapping of their peaks 

[41], Fig. 2.  

 
 

 

Figure 2: [Left] FTIR spectra of the prepared biochar, pure polyacrylamide hydrogel, and their nanocomposite. 

[Right] Schematic representation for the interaction within the nanocomposite matrix 

 

 

3.3 X-ray Diffraction (XRD) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  

 

 

                        Figure 3: X-ray diffraction spectrum of the prepared biochar. 

 

 

As shown in Fig. 3, strong X-ray diffraction  

patterns emerged at 2𝜃 = 25
o
 and 2𝜃 = 45

o
 which 

indicate the existence of the graphitic structure in the 

prepared sample. The sharpness of these peaks 

emphasizes the successful decomposition of cellulose 

upon heating producing biochar as well as the smaller 

crystallite size. Some other observed peaks might be 

related to the metallic residues. These results are in 

accordance with the state of the art [40, 42, 43]. 

.

 

 

 

 

 

 

 



  SYNERGISTIC IMPACT OF BIOCHAR NANORODS ON THE PERFORMANCE ..... 
__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 67 No. 3 (2024)  

 

437 

3.4 Thermal Analysis 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Figure 4: TGA and DTG of the prepared biochar, pure polyacrylamide hydrogel, and their nanocomposite. 

 

 

 

 

 

The effect of biochar on the thermal properties of 

PAH was studied using TGA and DTG, Fig. 4. As 

shown, the prepared samples exhibited a weight loss 

in different degradation steps.  

Both hydrogels lost 10 wt.% at ~ 170 
o
C due 

to the removal of water contents. However, PAH 

started the second degradation stage in the range 

between 170 and 310°C as it lost ~ 25 wt. % of its 

weight at the end of this step. The DTG peak was 

also observed at ~ 295°C. This might be attributed to 

the amide groups decomposition releasing the 

ammonia gas and the crosslinker used [44].  

After that, PAH started a further weight loss up to 

60% in the range between 310 and 450°C, DTG peak 

is at ~ 380°C, which corresponds to the 

decomposition of the remaining backbone [45]. 

These findings are in accordance with the state of art 

[44]. While incorporation of biochar inside the PAH 

matrix, the thermal degradation behavior was 

changed as the hydrogel tended to be maintained at 

higher temperatures and the degradation point was 

significantly shifted to a greater value. Obviously, the 

second step of PABN ends with ~ 30 % weight loss 

at ~ 360 
o
C. Meanwhile, the third degradation step 

terminates with ~ 65 % weight loss at 500 
o
C. 

Moreover, the degradation temperature was shifted  

 

 

 

 

 

 

 

 

 

 

 

by ~ 40 degrees, from 380 to 420 
o
C. No doubt, 

inclusion of biochar nanorods in the polyacrylamide 

matrix improves its thermal stability. These results 

emphasized also the strong interaction within the 

obtained nanocomposite. It is worth to mention that 

biochar is used as a filler for polymer matrices as it 

enhances their thermal and mechanical properties 

[46].  

 

3.5 Texture Analysis 

Figure 6 represented the isotherms of the N2 

adsorption / desorption for the prepared hydrogels. 

Obviously, PAH and PABN display IV type of 

isotherm and H3 type of hysteresis loop. This is 

accompanied by a higher steep in the former sample  

than the latter one between the relative pressures of 

0.8-0.85. This might be accredited to the capillary 

condensation phenomena occurs in the pores of the 

tested adsorbate. Obviously, from Fig. 6 and Table 1, 

compared with the nanocomposite hydrogel (PABN), 

pristine polymer (PAH) showed significant high pore 

diameter and mesoporous volume, high surface areas 

of BET, Langmuir, and BJH, and high total pore 

volume with high correlation coefficient (R
2
 > 0.96). 

Despite biochar can be used as a mesoporous agent 

[47], it causes blocking for the surface pores of the 

hydrogel when incorporated within the polymeric 

matrix. This result is in accordance with the SEM 

images.  However, these findings did not negatively 

affect its performance on the phenol removal as will 

be discussed later on.   
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Figure 6: [A- B] N2 adsorption-desorption isotherms of pure polyacrylamide hydrogel (PAH) and its biochar 

nanocomposite (PABN), respectively. [C] Their corresponding pore size distribution by BJH- method.

Table 1: Textural properties of the polyacrylamide hydrogel (PAH), and its biochar nanocomposite (PABN).   

                                                                                                   

 

 

One of the main factors that may contribute in the 

explanation of phenol degradation over the prepared 

hydrogels under the UV irradiation is the band gap. 

Some polymers and other carbonaceous materials 

have band gap values [48-53] i.e., they are 

semiconductors. This means that, while irradiation of 

such substances under UV, they absorb the photon 

energy of a specific wavelength and jump from the      

valance band to the conduction band causing an 

oscillation [54]. Therefore, the optical band gap 

energy of the polyacrylamide and its nanocomposite                                                                                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was calculated according to Kubelka–Munk function 

[54] that applied on the diffuse reflectance spectra                            

results, Fig 7[A]. Particularly, the plots of Kubelka in 

Fig. 7[B-C] indicate the following: (I) The pristine 

polyacrylamide has a band gap value of ~ 4.6 eV 

which is close enough to the previously reported 

value by Rawat et. al [50]. (II) While inclusion of 

biochar in the PAH, the band gap showed a drastic 

increment by ~ 1.8 eV i.e., PABN recorded a band 

gap of 6.37 eV. This means that biochar acted as an 

insulating barrier as the band gap of PAH increased. 

 

PABN PAH Textural Parameters                      

48.51 59.76 Multipoint BET surface area (m
2
/g) 

0.975 0.967 Correlation coefficient (R
2
) 

89.666 118.012 Langmuir method (m
2
/g) 

37.123 48.623 Adsorption BJH surface area (m
2
/g) 

0.159 0.188 Adsorption BJH cumulative micropore volume (cc/g) 

1.703 1.703 Pore radius BJH adsorption (nm) 

0.166 0.193 Total pore volume (cc/g) 

6.875 6.487 Average pore radius (nm)
 

2.811 2.281 Average Particle radius (nm)  
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Indeed, it was expected that biochar would 

decrease the band gap as it is among conductive 

carbonaceous materials [55]. Unfortunately, the 

opposite was totally occurred. This might be 

attributed to the presence of structure defects in the 

carbon structure and the conditions of pyrolysis as the 

conductivity of biochar increases with temperature 

[56]. In addition, the surface functional groups on the 

biochar (c.f. Fig. 2) that are tightly bonded with the 

polymer backbone. No doubt, this might decrease the 

degree of disorder within the composite matrix which 

is responsible for the decline of the localized energy  

 

 

level concentration, hence, reflects an increase in 

the optical band gap [48]. Nevertheless, in the present 

study, this might be favorable since increasing of 

band gap usually leads to decrease the electron-hole 

recombination and increase the life time of the 

excited electrons which strongly impact on the 

photocatalytic performance of the photocatalyst as 

will be discussed later on. Ghanem et. al stated that 

addition of ZnO nanorods to the polyester matrix 

increased the band gap which induced the 

photocatalytic degradation of phenolic compounds 

[57].   

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: [A] DRS spectra and [B-C] Band gap of polyacrylamide hydrogel (PAH) and its biochar nanocomposite (PABN), 

respectively. 
 

3.6 Photocatalytic Degradation of Phenol  

 

The photocatalytic activity of PAH and its 

nanocomposite hydrogel was investigated for the first 

time in this work. The prepared hydrogels were 

irradiated under UV lamb and the removal percentage 

of phenol from the synthetic wastewater was 

calculated by measuring COD of the water over the 

reaction time. After the first run, the hydrogels were 

re-evaluated once again to investigate their durability 

in the second run. Besides, the first run was repeated 

but in the dark to confirm the impact of 

photocatalysis process over the obtained hydrogels. 

The effect of UV lamb in absence of photocatalysts 

was also studied.  

From Fig. 8, one can conclude the following: - (I) 

UV irradiation has mostly no action on phenol over 

the reaction time (4h). This result is in accordance 

with the previous report by Ghanem et al. [58]. (II) 

The percentage removal of phenol in presence of 

PAH and PABN in the first run was found ~ 84% and 

90%, respectively, Fig. 8A. Moreover, at the 

beginning of the reaction, at 20 min., the rate of the 
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reaction was very high for both substances, i.e., PAH 

recorded 70% and PABN recorded 76% of phenol 

degradation. These results indicate the improvement 

of phenol removal after inclusion of biochar in the 

poly acrylamide matrix. It can be claimed that, the 

small increment in the phenol elimination percentage 

(6%) might be attributed to the low content of 

biochar nanorods in the polyacrylamide matrix. It is 

expected that, the complete demineralization of the 

phenolic water would be achieved by increasing of 

biochar content. (III) Nevertheless, the impact of the 

biochar was much significant in the second run. The 

removal of phenol was recorded 67 % and 87 % in 

the presence of PAH and PABN, respectively, Fig. 

8B. This indicates that PAH lost ~ 20 % of its 

efficiency, meanwhile, PABN mostly maintained its 

activity. This observation was also recorded by 

Ghanem et al. [57]. In their study, the tested pristine 

polymer, which was also acted as a photocatalyst, lost 

its photocatalytic activity in the second run due to the 

consumption of its surface functional groups. (IV) In 

the dark, it was observed that, the percentage removal 

of phenol in presence of PAH and PABN was found 

~ 85% and 65%, respectively. As clearly observed, 

PAH has almost the same removal percentages in the 

dark and even under UV irradiation. Even though, the 

rate of reaction was different, Fig 8 (A and C). 

Actually, the UV exposure assisted the removal 

process which might be attributed to the ability of 

PAH to absorb the UV wavelengths [59], which lie in 

the range of the used lamb, and hence the probability 

to form reactive oxygen species (ROS) that 

responsible for phenol degradation. It is worth to 

mention that, PAH showed energy band gab of ~ 4.6 

eV, Fig. 7B, which supports the hypothesis claimed 

that PAH can be used as a photocatalyst due to its 

ability to absorb the radiation. Then, the valance 

electrons can be excited from the valance band to the 

conduction band and hence the formation of ROS 

was acquired via adsorbed water and oxygen 

molecules. On the other hand, the pronounced decline 

in the phenol removal % by PABN might be 

attributed to the surface area (c.f. Fig. 6 and Table 1) 

as it was found that the incorporation of biochar 

nanorods in the PAH matrix decreases the SBET. 

Indeed, this result is not harmonious with Afjeh et al. 

findings [32]. In their research, they found that the 

inclusion of biochar in the PAH improved the 

removal of phenol. This might be attributed to the 

very low phenol concentration used in their study (50 

mg/L) as well as the differences in the preparation 

and the reaction conditions. However, in our study, 

more than 10 folds of their concentration was used; 

(600 mg/L). As previously reported, increasing the 

initial concentration of phenol leads to decrease the 

removal efficiency by saturation of the adsorbent’ 

active sites  [60]. Therefore, the reaction rate was 

very high at the beginning of reaction at 20 min. and 

then slowly increased over the time due to the 

blocking of the hybrid hydrogel active sites. This 

might be revealed to the higher pore radius of PABN 

than of PAH sample, Table 1, which contributes in 

the adsorption process.  

According to the previous discussions, it can be 

claimed that biochar nanorods has a synergistic effect 

in the PAH matrix. As shown, the phenol removal 

percentage increased in the presence of biochar in the 

both of first and second cycles, in particular, under 

the UV luminance. This indicates that the prepared 

biochar nanorods has a photocatalytic action. This 

might be attributed to the oxygenated functional 

groups on the surface of biochar that enhance the 

adsorption of oxygen molecules required to the 

photodegradation reaction. The same observation was 

recorded for graphene oxide and its reduced form by 

Ghanem et al. as the phenol degradation % was the 

highest in case of using graphene oxide whose 

surface rich of oxygen functional groups [52].  

Basically, the amount of oxygen gas molecules 

adsorbed on the surface relies on the number of 

oxygen functional groups found on the surface [61]. 

Thus, the rate at the beginning of the degradation 

reaction was fast due to the presence of surface 

hydroxyl groups in biochar, as confirmed by FTIR in 

Fig. 2, that promote the adsorption of more oxygen 

molecules. Also, the photocatalytic degradation of 

phenol has been increased due to the enhancement of 

mass transfer.  
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Figure 8: Phenol removal percentage under UV irradiation against the reaction time for polyacrylamide hydrogel 

(PAH) and its nanocomposite (PABN) after (A) first run and (B) second run. (C) Phenol removal percentage 

during adsorption in the dark using the same catalysts. 

 

 

It is known that biochar is one of carbonaceous 

materials. Therefore, biochar could show high 

workability in photocatalytic degradation of phenol 

according to the published mechanism by Ghanem et 

al. [52]. Briefly, biochar, similar to exfoliated 

graphite, might absorb UV due to π-π* and n-π* 

energy levels [62]. Fascinatingly, Peng et al. studied 

the effect of UV irradiation on biochar. They 

recorded an increasing in the biochar surface area and 

huge amount of oxygen functional groups, such as 

carboxyl, lactonic, and hydroxyl, were formed on its 

surface upon UV exposure [63]. Furthermore, phenol 

can be adsorbed at the biochar surface due to π-π 

interaction and hydrogen bonding [64]. This could 

contribute in the understanding of the high rate at the 

beginning of the reaction which might be attributed to 

the improvement of phenol adsorption. Moreover, the 

electrons can be also excited to the conduction band 

and interact with the dissolved oxygen to produce the 

superoxides [52]. Then, the created holes could 

oxidize the adsorbed pollutant molecules. On the 

other hand, the structure defects in biochar play a  

 

 

crucial role in the degradation process as they act 

as highly reactive sites that could assist the phenol 

degradation [65, 66]. Also, resembles to graphene, 

the structural defects in biochar could create new 

energy levels which might contribute in the 

absorption of radiation and hence ROS formation 

[67]. Particularly, inclusion of biochar in PAH matrix 

increased the energy band gap by 1.8 eV, Fig. 7C. No 

doubt, this led to decrease the electron-hole 

recombination and hence improve the photocatalytic 

activity [57]. This might explain the performance of 

PABN particularly in the second run, unlike PAH.  

More details about introducing of biochar as an 

adsorbent, a catalyst, and a photocatalyst were 

previously reported [68]. Finally, in order to confirm 

the robustness and the efficiency of the prepared 

nanocomposite hydrogel, Table 2 showed a 

comparison with the previous work in the removing 

of phenol utilizing hydrogels, biochar, and their 

composites utilizing adsorption technique at different 

reaction conditions.    
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Table 2: Comparison between some of recent published adsorbents for phenols removal

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Composite Conditions 
Phenol 

Removal 
Ref. 

Polyacrylamide / rice husk 

biochar composite hydrogel 

Biochar content = 4.8 %, Catalyst weight = 50 

mg/50mL, Temp. = 25 
o
C, pH=7, Time= 11 

days, Phenol concn. = 50 mg/L, Technique: 

adsorption.  

82.8 % [32] 

Pectin / poly (acrylamide–co-2-

acrylamido-2-methyl–1-propane 

sulfonic acid) hydrogel 

Catalyst weight = 0.5g/50mL, Temp. = 25 
o
C, 

pH = 3, Time= 240 min, Phenol concn. = 300 

mg/L, Technique: adsorption. 

87.3 % [69] 

Polyacrylamide / starch hybrid 

hydrogel 

Catalyst weight = 200mg, Time= 24 hrs, Phenol 

concn. = 200 mg/L, Technique: adsorption 
86.4 % [19] 

Cross-linked polyacrylamide 

hydrogel 

Catalyst weight = 0.1g/ 25 mL, Temp. = 25 
o
C, 

pH = 4, Time= 24 hrs., Polyphenol concn. = 1 

mg/mL, Technique: adsorption. 

90.1 % [70] 

Biochar produced from 

Araucaria Columnaris bark 

Catalyst weight = 0.5g/ 210 mL, Temp. = 25 
o
C, 

pH = 6, Time= 350 min, phenol concn. = 500 

mg/L, Technique: adsorption. 

41.9 mg/g [71] 

Polyacrylamide / chicken 

biochar composite hydrogel 

Catalyst weight = 0.05 g/ 50 mL, Temp. = 25 
o
C, pH = 10, Time= 15 days, phenol concn. = 20 

mg/L, Technique: adsorption. 

21.83 mg/g [31] 

Polyacrylamide / wood biochar 

composite hydrogel 

Catalyst weight = 0.05 g/ 50 mL, Temp. = 25 
o
C, pH = 10, Time= 15 days, phenol concn. = 20 

mg/L, Technique: adsorption. 

23.14 mg/g [31] 

Polyacrylamide / tire biochar 

composite hydrogel 

Catalyst weight = 0.05 g/ 50 mL, Temp. = 25 
o
C, pH = 10, Time= 15 days, phenol concn. = 20 

mg/L, Technique: adsorption. 

14.04 mg/g [31] 

Eucalyptus wood biochar 

Catalyst weight = 30 mg/ 50 mL, Temp. = 15 
o
C, pH = 7, Time= 4 hrs., phenol concn. = 100 

mg/L, Technique: adsorption. 

308 mg/g [72] 

Biochar produced from Chinese 

herb residue 

Catalyst weight = 0.1 mg/ 20 mL, Temp. = 45 
o
C, pH = 7, Time= 360 min., phenol concn. = 50 

mg/L, Technique: adsorption. 

97 % [73] 

Local biochar 

Catalyst weight = 0.5 mg/ 20 mL, Temp. = 25 
o
C, pH = 7, Time= 5 min., phenol concn. = 100 

mg/L, Technique: adsorption.  

55 % [74] 

Polyacrylamide / palm kernal 

biochar composite hydrogel 

Catalyst weight = 0.1 g/ 100 mL, Temp. = 25 
o
C, pH = 6.8, Time= 2 days, phenol concn. = 10 

mg/L, Technique: adsorption. 

79 % [30] 

Polyacrylamide / rice husk 

biochar composite hydrogel 

Catalyst weight = 1 g/ 500 mL, pH = 7, Time= 

240 min., phenol concn. = 600 mg/L, 

Technique: photocatalysis. 

91 % 
This 

Study 
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3.7 Biological Activity 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Colony forming unit of polyacrylamide hydrogel (PAH), Biochar (BNR), and their biochar 

nanocomposite (PABN).  
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The biocidal potential of the prepared materials was 

examined against five microorganisms as illustrated 

in Table 3. The results in this table represent the 

reduction % of the microbial growth in  

presence of tested samples i.e., the greater reduction 

%, the stronger antimicrobial agent is. Moreover,  

CFU was performed to confirm the results of OD, 

Fig. 9. In each agar plate, the number of microbial 

colonies indicates to the biocidal strength i.e., the 

lowest number of colonies forming units emphasizes 

the highest antimicrobial activity.  Generally, PAH 

has mostly no antimicrobial performance as it 

showed a high microbial growth. BNR displayed the 

highest biological action against all tested 

microorganisms. However, E-coli, Pseudomonas 

aeruginosa and Staphylococcus aureus showed the 

lowest growth which emphasizes that the biochar has 

a strong ability against these microorganisms. Several 

researches discussed the biological performance of 

carbon nanomaterials including biochar [75-82].

 Nevertheless, carbonaceous materials cannot be 

equated with the metallic or metal oxide 

nanoparticles that have a strong activity  [83].  

 Indeed, inclusion of BNR imparted PAH matrix a 

biological effect. Obviously, the microbial reduction 

against all the tested microorganisms increased 

compared with the pristine matrix, Table 3 and Fig. 9.  

However, the reduction of microbial growth still low 

which might be attributed to the very low biochar 

content (0.15 wt.%) in the polyacrylamide matrix. It 

is expected that the biological activity of the 

nanocomposite hydrogel would be enhanced by 

increasing the biochar wt.% in the matrix. 

Particularly, biochar has a plenty of surface 

oxygenated function groups, as confirmed by FTIR in 

Fig. 2, that might responsible for the creation of the 

reactive oxygen species (ROS) as discussed in the 

previous section. These radicals cause an oxidative 

stress on the lipid bilayer of the microbial cell 

membranes leading to leakage of the cell’ contents 

and death of the cell [75]. 

  

 

Table 3: Optical density reduction (OD %) of Gram-positive and Gram-negative bacteria, as well as yeast that 

are exposed to biochar (BNR), polyacrylamide hydrogel (PAH), and their nanocomposite (PABN). 

 

 

 

4. Conclusions  

Biochar nanorods were prepared using rice 

husk as precursor under carbonization conditions. 

Polyacrylamide hydrogel was obtained in water via 

polymerization of acrylamide monomer in presence 

of potassium per sulphate and N, N` methylene Bis 

acrylamide as an initiator and a crosslinker, 

respectively.  Utilizing in-situ polymerization 

technique, biochar nanorods were incorporated in the 

polyacrylamide hydrogel.  

Morphological studies with SEM and TEM 

confirmed the nanorods shape and size of the 

produced biochar in addition to their well dispersion 

in the hydrogel matrix. XRD provided a crystalline 

description for the prepared biochar nanorods. FTIR 

proved the strong hydrogen bonding within the 

nanocomposite matrix. Thermal analysis confirmed 

the improvement in the thermal stability of the 

prepared hybrid as the degradation temperature was 

shifted by ~ 40 degrees. Surface texture analysis 

displayed an enhancement in the average pore radius 

and the average particle radius with a decline in the 

SBET after inclusion of BNRs in PAH. The energy 

band gap of the produced hydrogel was increased by 

1.8 eV in the presence of biochar nanorods which did 

not reflect any negative impact on the photocatalytic 

performance of the formed nanocomposite.  

The demineralization of the phenolic 

synthetic wastewater emphasized the high 

performance of the nanocomposite hydrogel under 

UV irradiation. It recorded maximum phenol removal 

of 90% and 87 % in the first and the second cycle, 

respectively. Meanwhile, polyacrylamide showed a 

decay in the second run as it recorded maximum 

phenol removal of 67% compared to 84 % found in 

the first cycle. Moreover, the rate of the reaction was 

very high in particular at the beginning of process 

under the UV luminance compared with the rate in 

the dark which emphasized the impact of 

photocatalysis.  

Sample 

Gram-positive Bacteria Gram-negative Bacteria Yeast 

Escherichia 

 coli 

Pseudomonas 

aeruginosa 

Bacillus 

cereus 

Staphylococcus 

aureus 

Candida 

albican 

BNR 61.33 58.66 42.39 59.99 42.64 

PAH 12.93 6.67 6.97 16.66 Nil 

PABN 20.71 22.29 19.53 24.98 32.52 
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Also, the antimicrobial assessment for the 

prepared materials presented the biocidal potential of 

the obtained biochar nanorods against Gram-positive 

and Gram-negative bacteria as well as yeast. 

Inclusion of these nanorods in the polyacrylamide 

hydrogel enhanced its antimicrobial action.  

Finally, it could be claimed that the 

polyacrylamide was imparted not only a 

photocatalytic activity but also an antimicrobial 

performance thanks to the presence of biochar 

nanorods. Without doubt, the prepared 

nanocomposite hydrogel can be used as a promising 

photocatalyst with a disinfecting ability. 
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