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Abstract
A novel silver-doped hydrochar (Ag-HC-230) was synthesized at 230 °C via hydrothermal carbonization of Tectona grandis 
seeds (TGs). The characteristic properties of the Ag-HC-230 were investigated using FTIR, XRD, TGA, SEM and surface 
area measurements. These results were further utilized for exploring the removal efficiency of the prepared material for 
chemical and biological contaminants. The surface area and pore volume of Ag-HC-230 were observed to be 24.9  m2g−1 and 
0.073  cm3g−1, respectively. The ultimate analysis demonstrated that the prepared adsorbent was rich in C content (67.77%) 
as compared to N, H and S content. An ingenious investigation on the antibacterial and adsorptive performance of Ag-HC-
230 was evaluated too. The antibacterial performance of Ag-HC-230 was analysed by the agar well diffusion method against 
the cultured suspensions of S. aureus and E. coli. To provide a better insight of Ag-HC-230, the removal of acridine yellow 
G (AYG) was also studied and the experimental removal capacity was found to be 0.073  mmolg−1 which was higher than 
undoped hydrochar HC-230-4 (0.058  mmolg−1). The kinetic experimental data were tested by fitting with different kinetics 
models, and the PSO model was found to be effectively applicable. The adsorption data of AYG on Ag-HC-230 were evalu-
ated using Temkin, Freundlich, Langmuir and D-R among which the data well fitted with the Langmuir model.

Keywords Adsorption · Acridine yellow G · Antibacterial activity · Biological contaminants · Hydrothermal 
carbonization · Silver doping

Introduction

Modification with metal doping of sustainable carbon materi-
als/chars has emerged as an attractive route to enhance their 
adsorption potential as well as the antibacterial activities 
(Trinh et al. 2020; Chandra Joshi et al. 2022). Moreover, the 
preparation of low-cost, green and sustainable adsorbents 
(Gupta et al. 2009; Gupta and Suhas 2009; Mei et al. 2023) 
has become an area of thirst for the researchers in the pre-
sent scenario. To quench this quest, the biomass proved to 
be a sustainable and renewable material, which can be eas-
ily employed as a precursor for the production of low-cost 
adsorbents. In order to achieve this, different techniques such 
as pyrolysis, torrefaction and gasification (Doddapaneni et al. 
2017; Zuo et al. 2018; Catizzone et al. 2021) are used world-
wide. Recently, a novel green thermochemical process namely 
hydrothermal carbonization (HTC) which also has been iden-
tified as a cost-effective and energy efficient approach for the 
preparation of the carbon rich materials (hydrochars) has 
gained tremendous attention (Zhai 2018; Masoumi et al. 2021; 
Suhas et al. 2021; Suhas et al. 2022). Hydrochar, the resultant 
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of this process and resembling coal, has been found to be rich 
in functional groups and carbon contents. It was successfully 
utilized for the adsorption of a variety of pollutants from water 
streams (Dai et al. 2021; Ighalo et al. 2022). However, the low 
surface area and rudimentary porosity of hydrochar limit its 
adsorptive potential (Zhu et al. 2015).

Modification of hydrochars by introducing the metals can 
enhance their physical and chemical properties, thereby mak-
ing them appealing materials for the remediation of broad 
range of chemical (dyes, phenols, metals, pesticides, insec-
ticides, etc.) as well as biological (bacteria, fungi, viruses, 
etc.) contaminants. Among these, dyes and bacteria are toxic 
in nature covering a major part of water pollution (Chaudhary 
et al. 2021; Valli Nachiyar et al. 2023). Therefore, an urgent 
attention is needed for their removal. Researchers make con-
tinuous efforts to minimize this serious issue as remediation of 
this precious commodity; water is their primary responsibility.

Based on literature review, it is worth to mention that no 
work has been reported on the doping of Ag to hydrochar and 
their application in the removal of dye/bacteria. In present 
study, we propose a threefold work: (i) embedding silver into 
hydrochar hereby named as Ag-doped TGs derived hydro-
char (Ag-HC-230); (ii) characterize the prepared material 
(Ag-HC-230); (iii) to make an ingenious investigation on 
the antibacterial and adsorptive performance of Ag-HC-230 
by determining its potential for the removal of S. aureus and 
E.coli bacteria and acridine yellow G (AYG) dye, respectively.

Materials and methods

Materials

AYG dye was procured from Loba Chemie, India, and uti-
lized as adsorbate in the current study.  AgNO3 was purchased 
from Merck, Germany. All other chemicals utilized were of 
AR grade. TGs used as precursor in this study were collected 
from the trees in the locality of Haridwar. Before any treat-
ment, the seeds were crushed to powdered form, washed with 
distilled water and oven-dried at 105 °C for 24 h. The sample 
so prepared was further sieved to obtain a 10–30 mesh size.

Synthesis of materials

The Ag-HC-230 was developed via Co-hydrothermal treat-
ment of TGs and  AgNO3 in a 600-ml reactor. For this pur-
pose, 10 g of TGs was mixed with 100 ml distilled water 
in a teflon lined reactor and 1 ml of 0.1 M  AgNO3 was fur-
ther added and shaken well to homogenize the sample. The 
reactor was then set to the 230 °C with 4 h residence time 
and was cooled down to the room temperature on comple-
tion of the reaction. The resulting product so obtained was 
washed, filtered with distilled water and subsequently dried at 

105 °C for 24 h to give the final material (Ag-HC-230). The 
HC-230–4 was prepared same as above but without  AgNO3.

Characterization studies

Proximate analysis was done as per American Society for 
Testing and Materials (ASTM) standards (D3175-07, ASTM 
D4442-07 and ASTM E1755-01). For this purpose, a muf-
fle furnace (NSW, NSW-101, India) and a temperature pro-
grammed oven (NSW, Model- NSW-143, India) was uti-
lized. An elemental analyser (Vario Micro, CHNS analyser, 
Germany) was utilized for the determination of carbon, 
hydrogen, sulphur and nitrogen. The surface morphology of 
Ag-HC-230 was determined by means of SEM (Make-Zeiss, 
Model- EVO 18 Special Edition, Germany). The crystal struc-
ture of Ag-HC-230 was determined using X-ray diffractom-
eter (Make-Rigaku, Japan) with Cu Kα radiation. A method 
described by Carrott et.al (Carrott et al. 2008) was utilized 
to determine the  pHpzc of the adsorbent (Ag-HC-230). The 
Fourier transform infrared (FTIR) spectroscopy (Model- 
Spectrum Two, Make-Perkin Elmer, USA) was used for the 
surface analysis of Ag-HC-230. The surface area was deter-
mined using a surface area analyser (Model-NOVA, Make-
Quantachrome, USA). The temperature profile of Ag-HC-230 
was determined using thermogravimetric analyser (Model- 
EXSTAR TG/DTA 6300, Seiko Instruments Inc., Japan).

Adsorption studies

For adsorption studies, batch method was adopted in which 
a fixed amount of prepared sample, i.e. 10 mg, was added to 
the 10 ml of AYG at varying concentrations under continu-
ous shaking in a temperature controlled shaking assembly at 
a fixed temperature for desired time to reach the equilibrium. 
After the adsorption, the samples were filtrated and the con-
centrations of AYG were determined by a UV–VIS spec-
trophotometer (Model-UV-1800, Make-Shimadzu, Japan) at 
445 nm wavelength. The pH of all solution in contact with 
adsorbents was found in the range 8 ± 0.5.

Antibacterial studies

The agar-well diffusion method was applied to determine 
the preliminary antibacterial activity of Ag-HC-230 and 
HC-230-4 against standard bacterial strains of Gram-pos-
itive bacterium, viz. S. aureus (MTCC 740), and Gram-
negative bacterium, viz. E. coli (MTCC 443) at different 
concentration of 50, 75 and 100  mgml−1. Using sterile cotton 
swab, 100 µL of bacterial suspension with 0.5 McFarland 
turbidity standard (1.5 ×  108 CFU/ml) of tested bacteria was 
evenly spread on sterilized MHA plates. Agar wells (6 mm 
in diameter) were made by using sterile cork-borer. An 
amount of 100 µL of 50, 75 and 100  mgmL−1 of Ag-HC-230 
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and HC-230-4 was separately added to each well of agar 
plates. A negative control, i.e. dimethyl sulfoxide (100 µL/
well), was separately added to well of agar plates and sev-
eral standard antibacterial drugs, viz. ampicillin 10 mcg (A), 
ciprofloxacin 10 mcg (Cf), colistin 10 mcg (Cl), Co-trimox-
azole 25 mcg (Co), gentamicin 10 mcg (G), nitrofurantoin 
300 mcg (Nf), streptomycin 10 mcg (S) and tetracycline 
30 mcg (T) used as positive control against tested bacterial 
strains. All MHA plates were incubated for 24 h at 37 °C, 
and the plates were then examined to calculate the zone of 
inhibition that developed around the individual wells. All 
assays for determinations of antibacterial potential were car-
ried out in triplicate, and mean value of diameter of bacterial 
inhibition zone was recorded. The mean and standard devia-
tion of the results were statistically examined using one-way 
analysis of variance (ANOVA) with P value less than 0.05.

Results and discussion

Characteristics of Ag‑HC‑230

The volatile, ash and moisture contents of Ag-HC-230 deter-
mined in accordance with the ASTM standards were found 
to be 37.6, 2.7 and 6.8%, respectively. The fixed carbon 
content was also determined and found to be 52.9%. The 
ultimate analysis demonstrated that the prepared adsorbent 
was rich in C content (67.77%) as compared to N, H and S 
which were found to be 0.07, 5.051 and 0.027%, respec-
tively. The oxygen content in Ag-HC-230 was calculated 
(by difference) and found to be 24.38%. The value of  pHpzc 
of the Ag-HC-230 was found to be 4.7, demonstrating the 

surface of Ag-HC-230 to be neutral at this point. The surface 
of the hydrochar was negatively charged and rich in oxygen-
ated functional groups as reported in previous works (Fang 
et al. 2015; Takaya et al. 2016). These studies were also con-
firmed by the FTIR (Fig. 1) by which the functional groups 
present on the surface of Ag-HC-230 were analysed. The 
peaks observed at 1512, 1508, 1458, 1211 and 1112  cm−1 
were owing to presence of ether, carboxylic, ketone and ester 
groups confirming the presence of oxygenated functional 
groups on the surface; however, doping of silver limits these 
groups in comparison with the pure hydrochar indicating 
that the doping of the silver particles affects the hydrochar 
matrix (Chandra Joshi et al. 2022). The peaks at 2932 and 
516  cm−1 were due to the C–H stretching and bending vibra-
tions, respectively. The peak nearly to 3400  cm−1 was due 
to the stretching vibrations of hydroxyl groups. The SEM 
images (Fig. 2a) explain the morphology of Ag-HC-230 
showing the presence of some spherical shaped bright par-
ticles on the irregular surface of Ag-HC-230 indicating that 
the silver was doped into the hydrochar matrix uniformly 
(Chandra Joshi et al. 2022). Ag-HC-230 analysed by XRD 
(Fig. 2b) showed intense peaks at 15° (101) and 22.5° (002) 
indicating that the prepared sample (Ag-HC-230) retained 
the cellulosic structure post-hydrothermal carbonization and 
shows the co-existence of amorphous and crystalline struc-
tures (Guo et al. 2015; Zhang et al. 2015). The presence 
of diffraction peaks at 38.48° (200), 44.80° (220), 64.62° 
(311) confirms the presence of silver in Ag-HC-230. TG-
DTG analysis was also performed in order to examine the 
degradation behaviour and thermal stability of the Ag-HC-
230. Three main decomposition stages can be observed 
from the recorded curves for the analysed sample. TG-DTG 

Fig. 1  FTIR spectra of Ag-HC-230
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analysis was performed in order to examine the degradation 
behaviour and thermal stability of the prepared novel silver-
doped hydrochar (Ag-HC-230). Three main decomposition 
stages can be observed from the recorded curves (Fig. 3) 

for the analysed sample. A slight mass loss, for Ag-HC-230 
(2.3%), was observed near 100 °C and can be attributed to 
the evaporation of unbound and physically sorbed light vola-
tiles and water (Liu et al. 2014). The second stage known 

Fig. 2  a SEM and b XRD of Ag-HC-230
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as the pyrolytic zone occurs between 200 and 500 °C with 
40% mass loss for Ag-HC-230 and can be attributed to the 
evaporation of structural waters, cellulose decomposition 
and devolatilization of hemicellulose and lignin (Shakya 
et al. 2019). Third, moderate step occurred between 500 
and 800 °C with a mass loss of 10.7% which was due to the 
residual decomposition of lignin and development of carbon 
structures (Álvarez-Murillo et al. 2015). Therefore, it can be 
said that the prepared Ag-HC-230 has good thermal stability. 
The DTG curve for the Ag-HC-230 also showed the change 
in the thermal ability on HTC. The maximum weight loss 
rate can be identified by a peak at 349 °C for Ag-HC-230. 
The high DTG and peak temperature exhibited by Ag-HC-
230 suggests a good thermal stability as the temperature at 
the maximum weight loss is inversely proportional to reac-
tivity (Haykırı-Açma 2003; Islam et al. 2015). The surface 
area and porosity is an another crucial factor that affects the 
adsorption capacity of the samples. The surface area and 
porosity of Ag-HC-230 were measured by means of nitrogen 
adsorption desorption isotherm. The BET surface area of 
Ag-HC-230 was found to be 24.9  m2g−1, and the pore vol-
ume and average pore diameter as calculated by BJH method 
were found to be 0.105  cm3g−1 and 3.6 nm, respectively.

Adsorption studies

Kinetic studies

The kinetic investigations of the adsorption of AYG at a 
fixed concentration (6 ×  10−5 M) onto a fixed amount of 
Ag-HC-230 for 24 h was examined and compared with 
HC-230-4. Figure 4 shows the plot of the adsorbed amount 
versus contact time at two different initial AYG concentra-
tions (5 ×  10–5; 6 ×  10−5 M). The adsorption of AYG was 
quick in the initial time span due to the availability of ample 
vacant sites on the adsorbent. However, as time progresses, 
the vacant sites on the adsorbent gradually become occupied 
by the accumulation of AYG molecules, diminishing the 
rate of adsorption until reaching equilibrium. The maximum 
amount of AYG was adsorbed within 1 h, and consequently, 
equilibrium was reached in 4 h. Therefore, the contact time 
was kept 5 h for all adsorption studies.

The initial concentration of adsorbates is arguably one 
of the most influential parameters affecting the adsorption 
process. Therefore, the effect of the initial dye concentra-
tion on equilibrium time was tested at two different AYG 
concentrations (5 ×  10–5; 6 ×  10−5 M) and is shown in Fig. 4. 
It was observed that an increase in the initial concentration 

Fig. 3  TGA, DTA and DTG of Ag-HC-230
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of AYG is directly correlated with a rise in the adsorp-
tion capacity of the Ag-HC-230. It may be attributed to an 
increase in the driving force due to the concentration gradi-
ent on increasing the initial concentration in order to beat 
the resistance to the mass transfer of dyes between the liquid 
and solid phases. (Aksu and Akın 2010). Further, the kinetic 
experimental data were tested by fitting with pseudo-first-
order (PFO) (Lagergren 1898), pseudo-second-order (PSO) 
(Ho and McKay 1998) and Elovich (1959) to investigate the 
kinetics, and the equations used are as follows:

where qe and qt are the amount of AYG adsorbed at equilib-
rium and time t, respectively. k1, and k2 are the rate constants 
for the PFO and PSO models, respectively. β  (gmmol−1) and 
α  (mmolg−1  min−1) are the rate constant for desorption and 
a constant, representing the adsorption of AYG initially on 
Ag-HC-230, respectively.

The graphs of PFO, PSO and Elovich models for 
the removal of AYG on HC-230-4 and Ag-HC-230 are 
shown in Fig. 5a–c, and the obtained kinetic parameters 
are listed in Table 1. To know the best fitted model, the 

(1)PFO log(qe − qt) = log qe −
k1

2.303
t

(2)PSO
t

qt
=

1

k2q
2
e

+
1

qe
t

(3)Elovich qt = 1∕� ln (��) + 1∕� ln (t)

theoretically calculated values and correlation coefficient 
(R2) were taken into consideration. Table 1 shows that the 
PSO model was effectively applicable on the adsorption 
data as compared to other model, in terms of the higher 
values of R2 and close agreement between experimental 
and theoretically calculated qe values.

Effect of pH

The pH of the adsorbate solutions significantly affects the 
removal efficiency of the adsorbents. Therefore, the developed 
silver-doped hydrochar (Ag-HC-230) was also tested for its abil-
ity to remove AYG dye at varying solution pH (Fig. 6). The 
amount adsorbed increased on increasing the pH of dye solution. 
At lower pH (2–4.7), the concentration of  H+ was higher, which 
competes with AYG for available sites on Ag-HC-230. There-
fore, low adsorption capacity was observed in this pH range. 
Moreover, the surface of Ag-HC-230 is positively charged at 
pH below 4.7 (pHpzc = 4.7) which causes electrostatic repul-
sion between the positively charged adsorbent and dye cations, 
resulting in lower adsorption. On the other hand, at pH levels 
above 5, the surface of Ag-HC-230 is negatively charged and 
undergoes electrostatic interactions with positively charged dye, 
resulting in enhanced adsorption at higher pH. The maximum 
adsorption of AYG is observed between pH 5–8 which was due 
to deprotonation and electrostatic interactions. Beyond pH 8, a 
decrease in the adsorption of AYG is observed which is possibly 
due to the dimerization of dye molecules (Feng and Shi 2007; 
da Silva Lacerda et al. 2015).

Fig. 4  Effect of contact time 
and initial concentration 
on adsorption of AYG onto 
Ag-HC-230
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Adsorption isotherms

To determine the mechanism of the adsorption and to under-
stand the type of interaction between the AYG and Ag-HC-
230/HC-230-4, isotherm curves were plotted at 25, 35 and 
45 °C (Fig. 7). For both materials, an increase in the adsorption 
of AYG was seen as the initial concentration of dye increased 
which was possibly due to the increase in driving force of 
a concentration gradient. The experimental removal capacity 
(Fig. 7) was found to be 0.089 and 0.058  mmolg−1 on Ag-HC-
230 and HC-230-4, respectively, for AYG which was found to 
be higher in case of Ag-HC-230. The behaviour of the adsorp-
tion capacity relative to the temperature was also studied, and 
an increment in the adsorption capacity was seen with increas-
ing the temperature from 25 to 45 °C in both cases, which 
is indicative of endothermic nature of the process. Based on 

the experimental results, the adsorption capacity of Ag-HC-
230 was quantitatively evaluated by isotherm models, viz. 
Langmuir (Langmuir 1918), Freundlich (Freundlich 1906), 
Temkin (Temkin 1940) and D-R (Dubinin 1947). The plots 
of these models and obtained data are presented in Fig. 8a–d 
and Table 2, respectively. These models can be represented 
mathematically as follows:

(4)Langmuir
1

qe
=

1

qmax

+
1

qmaxbCe

(5)Freundlich log qe = logKf +
1

n
logCe

(6)Temkin qe = BT lnKT + BT lnCe
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Fig. 5  a PFO; b PSO; and c Elovich model for the adsorption of AYG on Ag-HC-230 and HC-230-4 (Temp: 25 °C; 6 ×  10−5 M)
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where qe and Ce are the maximum adsorption capacity of 
the Ag-HC-230 and concentration of the AYG at equilib-
rium, respectively, whereas qmax is the Langmuir adsorp-
tion capacity. The b, Kf, KT and β are the equilibrium con-
stants for Langmuir, Freundlich, Temkin and D-R models, 
respectively. Analysing the data by the above models, the 
adsorption characteristics of Ag-HC-230 were found to be 
most accurately predicted by Langmuir isotherm model 
in comparison with the other models owing to the highest 
co-relation coefficient values and close agreement with the 
experimental values (Table 2).

(7)D − R ln qe = ln qm − �DR�2

Mechanism of adsorption

The adsorption mechanism of AYG over Ag-HC-230 was 
governed by various factors, viz. functional groups present 
on Ag-HC-230, surface area and surface charge on Ag-HC-
230. Ag-HC-230 as compared to HC-230-4 adsorb more 
which can be seen from increased adsorption values which 
is probably due to enhance surface area (24.9  m2g−1) of 
Ag-HC-230, the adsorption herein is mainly governed by 
the interactions between AYG and Ag-HC-230. The surfaces 
of prepared Ag-HC-230 have oxygenated functional groups 
which causes surface complexation via electrostatic interac-
tions. Additionally, strong H-bonding between the AYG and 
Ag-HC-230 results in enhanced adsorption. As the pHpzc of 
the adsorbent is 4.7 and AYG is a cationic dye, strong electro-
static interactions between them were also contributed to the 

Table 1  Kinetic parameters for the removal of AYG on Ag-HC-230 
and HC-230-4 at same concentration

Parameters Ag-HC-230 HC-230-4

Co  (molL−1) 6 ×  10–5 6 ×  10–5

qe (exp)  (mmolg−1) 0.0507 0.0457
Pseudo-first order
 qe (cal)(mmolg−1) 0.0097 0.010
 K1  (min−1) 1.66 ×  10–2 1.04 ×  10–2

 R2 0.894 0.747
Pseudo-second order
 qe (cal)  (mmolg−1) 0.0512 0.0450
 K2 (g.mmol−1.min−1) 5.28 5.10
 R2 0.999 0.998

Elovich
 α  (mmolg−1.min−1) 2.08 0.638
 β (g.mmol−1) 222 227
 R2 0.920 0.888
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adsorption in a positive way. Besides it, the Ag present at the 
Ag-HC-230 surface may be valuable for the adsorption due 
to the π–π interactions with the AYG molecules (Aboelfetoh 
et al. 2020; Louis et al. 2020; Shaikh et al. 2021). Therefore, 
the electrostatic interactions, hydrogen bonding and π–π 
stacking governed the adsorption of AYG on Ag-HC-230.

Antibacterial properties of Ag‑HC‑230

The antibacterial performance of Ag-HC-230 (50, 75 and 
100   mgml−1) was evaluated by agar well plate diffusion 
method against the cultured suspensions of Gram-positive 
bacteria (S. aureus) and Gram-negative (E. coli) and is pre-
sented in Fig. 9 and Table 3. Interestingly, experiments show 
that the growth of both bacteria inhibited with inhibition zone 

of 17.33 and 16.33 mm for S. aureus and E. coli, respec-
tively, when the discs were impregnated with Ag-HC-230 
at 100  mgml−1 inhibitory concentration. The antibacterial 
potential of the HC-230-4 prepared at the same conditions 
without silver doping was tested too, and no inhibitory effect 
for both the bacteria was observed (Fig. 9; Table 3). This 
demonstrates that the doping of the silver enhanced the anti-
bacterial properties of the hydrochar. It is well known that 
 AgNO3 shows antibacterial activity; therefore, the prepared 
material doped with silver (Ag-HC-230) can be used as an 
antibacterial agent for the studied bacteria. The antibacterial 
activity was also compared with antibacterial agents such 
as Streptomycin and Gentamicin as a positive control. The 
antibacterial effect of these drugs was found to be compa-
rable with Ag-HC-230 against E. coli and S. aureus and is 
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Fig. 8  a Langmuir; b Freundlich; c Temkin and d D-R model for adsorption of AYG on Ag-HC-230 at different temperature
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Table 2  Different isothermal 
data for the adsorption of AYG 
on Ag-HC-230 and HC-230-4

Parameters Ag-HC-230 HC-230-4

Temperature (°C) 25 35 45 25 35 45

Experimental data
 qexp  (mmolg−1) 0.073 0.076 0.080 0.058 0.062 0.066
 qexp  (mgg−1) 19.9 20.8 21.9 15.8 16.9 18.0
 Langmuir
 qmax  (mmolg−1) 0.069 0.072 0.082 0.054 0.057 0.061
 qmax  (mgg−1) 19.1 19.6 22.5 14.9 15.6 16.7
 b (L/mmol) 2.53 ×  105 2.90 ×  105 3.76 ×  105 2.35 ×  105 2.66 ×  105 2.73 ×  105

 R2 0.998 0.995 0.995 0.992 0.997 0.996
Freundlich
 Kf  (mmolg−1)  (molL−1)1/n 48.5 51.4 62.9 16.7 17.8 18.7
 n 1.70 1.71 1.73 1.89 1.90 1.91
 R2 0.981 0.982 0.951 0.979 0.980 0.975

Temkin
 b  (KJmol−1) 0.567 0.559 0.536 0.692 0.677 0.661
 AT  (Lmg−1) 8.89 10.4 15.9 7.14 8.50 9.53
 R2 0.962 0.959 0.977 0.943 0.987 0.978

D-R
 E  (KJmol−1) 2.59 2.75 3.13 2.31 2.47 2.55
 qm  (mgg−1) 12.8 13.3 14.9 10.9 11.4 12.0
 R2 0.926 0.938 0.959 0.968 0.949 0.979

Fig.9  Inhibition zones of E. coli and S. aureus against HC-Ag-230 a–b; HC-230-4 c–d; positive control e–f 
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presented in Table 4 and Fig. 9. The mechanism behind the 
destruction of the bacterial cell wall by Ag-HC-230 can be 
observed owing to the electrostatic interactions between the 
Ag-HC-230 and the modelled bacteria. Firstly, the silver 
in Ag-HC-230 stuck to the cell wall of bacteria and starts 
to permeate through the cell membrane, i.e. disrupting the 
respiratory functions that caused the bacterial death finally. 
Moreover, cell-wall membrane disruption enhances due to 
leakage of the cellular components, viz. DNA to the environ-
ment that finally lead to the death of the modelled bacteria 
(Dadi et al. 2019). A comparison with the other antibiotics 
was also made, and results are presented in Table 4 which 
shows that the Ag-HC-230 is effective and comparable.

Conclusion

A novel silver-doped TGs-derived hydrochar (Ag-HC-230) 
was prepared and characterized using proximate/ultimate 
analysis, FTIR, XRD, TGA, SEM and the surface area 
analysis. Ag-HC-230 was utilized for the removal of dye 

(AYG) as well as for the antibacterial potential (S. aureus 
and E.coli). The electrostatic interactions, hydrogen bond-
ing and π–π stacking governed the adsorption of AYG on 
Ag-HC-230. The better fit of PSO model in comparison with 
PFO model, in terms of the higher R2 values and close agree-
ment between experimental and theoretically calculated qe 
values, indicated that the PSO model can better explain the 
removal of AYG on Ag-HC-230. The adsorption charac-
teristics of Ag-HC-230 were found to be most accurately 
predicted by Langmuir isotherm model in comparison with 
the other analysed models with the highest co-relation coef-
ficient values. The adsorption of AYG on Ag-HC-230 was 
also compared with HC-230 at different temperature which 
signified Ag-HC-230 to be a better adsorbent. The antibac-
terial activity of silver-doped hydrochar further adds to its 
value and makes it a pollutant removing versatile material.
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