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Abstract: Nitrate contamination in water represents a significant threat to both public health and the envi-
ronment. While ultrasonic technology has emerged as an eco-friendly approach with potential for enhanc-
ing nitrate removal, its full capacity remains underexplored. This study aims to assess the effectiveness of
ultrasound  in  improving  nitrate  removal  from  aqueous  solutions  using  biochar  derived  from  rice  straw,
modified with Fe3+ and Zn2+ as cationic bridges. Conducted at the water quality laboratory of Sari Agricul-
tural  Sciences  and  Natural  Resources  University,  the  experiments  revealed  that  iron-coated biochar  treat-
ments (BF and BFU) exhibited outstanding performance in nitrate removal. Ultrasound application signifi-
cantly  enhanced  nitrate  removal  efficiency,  with  the  combination  of  ultrasonic  waves  and  iron-coated
biochar  (BFU) achieving  a  maximum adsorption  capacity  (qm)  of  3.664 mg/g,  which  surpassed  non-soni-
cated treatments (BF: 3.345 mg/g) and reduced equilibrium time by 92% (from 60 min to 5 min). Further-
more, ultrasonic treatment improved the performance of Zn2+-coated biochar (BZU), boosting removal rates
by more than 25% through cavitation-induced particle fragmentation and enhanced mass transfer.  Mecha-
nistic  analysis  indicated that  ultrasound facilitates  the  homogenization of  the  adsorption surface,  favoring
Langmuir-type monolayer adsorption (R2 > 0.95), while the cationic bridges (Fe3+/Zn2+) strengthened elec-
trostatic  interactions  with  nitrate  ions.  Under  optimized  conditions,  the  combination  of  ultrasound  and
cation-modified biochar achieved over 90% nitrate removal,  presenting a promising,  energy-efficient,  and
sustainable  solution  for  water  treatment.  These  findings  demonstrate  the  potential  of  ultrasonic-assisted,
cation-modified biochar as a highly effective strategy for mitigating nitrate contamination in water systems.
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 Introduction

Discharge  of  water  and  wastewater  with  high
nitrate concentrations into groundwater is a global
concern.  Recent  studies  have  shown  that  such
contamination  contributes  to  the  proliferation  of

harmful  cyanobacteria,  posing  risks  to  drinking
water safety and aquatic biodiversity. For example,
Nguyen Le et al. (2024) showed that high levels of
nitrogen  can  rapidly  stimulate  cyanobacterial
blooms, leading  to  higher  concentrations  of  cyan-
otoxins in freshwater systems. This issue has been
exacerbated  over  the  past  century  due  to  nutrient
loads  from  intensive  agricultural  practices  and
municipal sewage  discharges,  causing  eutrophica-
tion  and  hypoxia  in  aquatic  ecosystems,  and
becoming a significant societal concern (Reusch et
al.  2018).  Lahjouj  et  al.  (2020)  evaluated  nitrate
contamination  in  the  plioquaternary  aquifer  of  the
Sais  Basin  using  a  statistical  approach.  Samples
from  agricultural  areas  were  collected  during
spring and autumn of 2018, revealing that 55% and
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57% of  the  samples,  respectively,  exceeded  the
WHO  threshold  (50  mg/L).  Statistical  analyses,
including correlation  matrix  and  principal  compo-
nent  analysis,  indicate  that  nitrate  pollution  is
linked  to  anthropogenic  sources.  Although  nitrate
itself is not acutely toxic, its microbial reduction to
nitrite in the gastrointestinal tract can cause methe-
moglobinemia, a condition that impairs the oxygen-
carrying  capacity  of  blood,  particularly  dangerous
in  infants.  Furthermore,  nitrite  may  react  with
dietary  amines  to  form  N-nitroso  compounds,
which are  classified  as  probable  human  carcino-
gens. Due to these risks, the World Health Organi-
zation (WHO) has set a guideline value of 50 mg/L
nitrate (as NO3

−) in drinking water to protect public
health  (Ward  et  al.  2024).  Therefore,  removal  of
nitrate  ions  from  water  is  necessary  to  mitigate
these health risks.

Currently,  various  methods  are  utilized  for  the
removal  of  nitrate  ions  from  water,  including  ion
exchange,  coagulation-precipitation,  membrane
processes, electrochemical  techniques,  electroco-
agulation,  and  biological  treatments.  However,
adsorption—particularly  using  biochar—has  rec-
eived increasing  attention  due  to  its  high  effi-
ciency, low cost,  operational  simplicity,  and envi-
ronmental  compatibility.  Recent  studies  have
shown  that  metal-modified  biochars,  especially
those  doped  with  iron  and  nitrogen,  significantly
enhance  nitrate  adsorption  performance.  For
instance,  iron- and  nitrogen-doped  biochar
produced at 800°C exhibited a maximum nitrate
adsorption capacity of 20.67 mg/g, highlighting
its strong potential for water purification appli-
cations (Mood et al. 2024).

Hosseingholilu  et  al.  (2019) reported  that  ultra-
sound technology  is  among  the  latest  advance-
ments  in  the  desalination  industry,  enhancing  the
evaporation and  distillation  processes  by  improv-
ing  mass  and  heat  transfer,  ultimately  reducing
energy  consumption.  Moreover,  this  technology
offers  the  advantage  of  chemical-free  treatment,
ensuring a healthy and safe approach.

Radicals  and  molecules  such  as  H,  OH,  and
H2O2, known as highly potent oxidizing agents, are
formed through the breakdown of water molecules
(pyrolysis) under extreme conditions. These cavita-
tion bubbles  continue  to  expand  during  compres-
sion and degradation cycles until they reach a criti-
cal  size,  leading  to  their  eventual  collapse  in  the
subsequent  compression  phase.  Zameni  et  al.
(2016) conducted a  study on nitrate  removal  from
aqueous  solutions  using  an  iron  (III)-coated  rice
straw  biochar  adsorbent.  The  results  of  their
isotherm  test  indicated  that  the  nitrate  adsorption

process  followed  the  Langmuir  isotherm  linear
model, and the maximum nitrate adsorption capac-
ity  was  found  to  be  43.66  mg/g.  Rashwan  et  al.
(2020) studied the kinetics of hydrogen production
using sonication energy in water and attributed the
increase  in  hydrogen  production  to  the  rate  of
temperature  increase  in  microbubbles  obtained
through ultrasonication.  A recent  study  by  Guo et
al.  (2023) investigated  the  effectiveness  of  ultra-
sonic  vibration  in  removing  ammonia  nitrogen
from aquaculture water. The researchers found that
the use of ultrasonic waves significantly increased
the efficiency of ammonia nitrogen removal, espe-
cially at  low  concentrations.  This  study  demon-
strated  that  ultrasonic  treatment  can  effectively
reduce  ammonia  levels,  making  it  a  promising
method for water treatment in aquaculture systems.
In  a  recent  study  by  Janajreh  et  al.  (2022),  the
effect of ultrasonic parameters on the performance
of Direct Contact Membrane Distillation (DCMD)
was  investigated.  The  researchers  developed  an
ultrasonic  DCMD  module  equipped  with  a
commercial  PTFE  membrane  and  conducted
experiments  to  evaluate  the  effects  of  different
ultrasonic  frequencies  and  amplitudes  on  mass
transfer. The findings showed that the use of ultra-
sound at  an intensity of 4,525 W/m2 increased the
mass  flux  from  4.25  L/m2·h  to  8.1  L/m2·h, corre-
sponding  to  a  90% increase.  This  improvement
was  attributed  to  the  disruption  of  the  kinetic  and
thermal boundary layers due to ultrasonic-induced
mixing.  Mohamad Aris  et  al.  (2018) explored and
evaluated  the  effect  of  ultrasonic  irradiation  on
nitrogen ammonia  removal,  considering  parame-
ters such as initial concentration, pH, and radiation
time of waves.

Due  to  the  negative  electric  charge  on  biochar,
the  adsorption  of  anionic  materials  such  as  nitrate
is  not  highly  effective.  However,  the  use  of
cationic  bridges  to  enhance  the  adsorption  rate  of
anions  in  this  type  of  adsorbent  is  of  particular
interest.  Additionally,  ultrasonic  waves  can
produce  hydrogen  as  one  of  their  products,  which
may be effective in the reduction and adsorption of
nitrate  by  biochar.  Ultrasound  has  been  shown  to
significantly  increase  the  efficiency  of  nitrate
removal  by  intensifying  the  cavitation  pheno-
menon.  During  ultrasound,  the  formation  and
collapse  of  microscopic  bubbles  creates  high
temperatures and pressures, which in turn produce
reactive  species  that  facilitate  the  degradation  of
nitrate  ions.  Notably,  the  duration  of  ultrasonic
exposure plays  an  important  role,  as  longer  expo-
sure  times  lead  to  increased  cavitation  intensity
and  improved  pollutant  degradation  (Dehghani  et
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al. 2023; Serena Galvez et al. 2022). Nevertheless,
the  simultaneous  use  of  ultrasonic  waves  and
biochar  adsorbent  (BU)  coated  with  iron  (III)
(BFU)  and  zinc  (BZU)  as  cationic  bridges  for
reducing nitrate pollutants  in agricultural  effluents
has not  been  explored  in  previous  studies.  There-
fore, the main objective of this study was to exam-
ine  how  ultrasound  technology  influences  the
removal  of  nitrate  from water  using biochar  made
from rice straw and enhanced with Fe3+ and Zn2+ as
cationic bridges.  A key innovation in this  study is
the exploration of a synergistic interaction between
iron/zinc-coated  biochar  and  ultrasonic  waves,  a
combination  not  previously  studied  for  nitrate
removal.  This  integrated  approach  utilizes  both
physical  and  chemical  mechanisms  to  enhance
nitrate adsorption.

 1  Materials and methods

 1.1 Biochar production

Inexpensive  rice  straw  materials  were  utilized  for
the production of biochar. The chopped straw was
placed inside an electric furnace and heated for one
hour until reaching the desired temperature. Subse-
quently, it was maintained at that temperature for 2
hours. This research focused on producing biochar
at  two  different  temperatures,  350°C  and  650°C.
The resulting biochar was then washed three times
with distilled water  at  a  ratio  of  1:20 and dried in
an oven at 70°C for 24 hours.

 1.2 Biochar coating

To  coat  the  biochar,  solutions  were  prepared  by
dissolving  ZnCl2 and  FeCl3 in  distilled  water.
Concentrations of 1,000 ppm and 10,000 ppm were
used for Fe3+, while concentrations of 10,000 ppm,
30,000  ppm,  and  40,000  ppm were  used  for  Zn2+.
Once  the  solutions  were  ready,  the  biochar  was
mixed into  the  solutions  at  a  ratio  of  one  gram of
adsorbent  to  50  mL  of  solution.  The  mixture  was
then shaken  on  a  shaker  for  24  hours.  Subse-
quently,  the  coated  adsorbents  were  washed  three
times  with  distilled  water  at  a  ratio  of  1:20  and
dried in an oven at 70°C for 24 hours.

 1.3 Ultrasonic device

In this study, the Ultrasonic Processing model FS-
450 ultrasonic  device  with  a  frequency of  20 kHz
and  a  power  of  450  W was  employed  to  generate
ultrasound waves.  During  the  experiments  involv-

ing  ultrasonication,  the  samples  mixed  with  the
adsorbent  were  exposed  to  ultrasonic  waves  for  a
duration of 5 minutes.

 1.4 Methods  of  determining  nitrate  in
solution

NO−3 B

After  filtering  the  samples  using  filter  papers  and
syringe  filters,  two  methods  were  employed  to
measure the remaining amount of nitrate in the test
solutions.  In  the  first  method,  the  APHA  (2012)
Section  4500  method,  the  filtered  samples
were centrifuged for 5 minutes at 12,000 rpm. The
second method used was the Cataldo et  al.  (1975)
method.  The  SP-UV 300SRB  model  spectropho-
tometer was  used  to  read  the  samples  and  deter-
mine the extent of nitrate adsorption from the solu-
tions.  Control  samples  without  biochar  were  also
included in the study.

 1.5 Procedures for  conducting   experi-
ments

These experiments  were  conducted  at  a  tempera-
ture of  25  ±  1°C,  and  each  experiment  was  repli-
cated  three  times.  Throughout  the  experiments,
optimal  conditions  obtained  from  the  previous
stages  were  used.  In  the  first  stage,  equilibrium
time  tests  were  conducted  for  three  adsorbents:
biochar,  biochar  coated  with  Fe  (III),  and  biochar
coated  with  Zn  (II).  The  tests  were  performed  at
intervals  of  10,  30,  60,  120,  180,  240,  and  300
minutes.  For  each  test,  exactly  0.5  grams  of  the
adsorbent  and  40  cc  of  nitrate  solution  with  a
concentration  of  80  ppm  were  placed  in  a
centrifuge tube and stirred on a shaker for the spec-
ified period of time. In the second step, the adsorp-
tion of nitrate was examined at different pH levels.
The tests  were performed at  the equilibrium times
obtained in the first stage, and pH values of 2, 4, 6,
7,  8,  and  10  were  investigated  to  determine  the
optimal  pH.  Next,  experiments  were  conducted  to
determine  the  optimal  dosage  of  adsorbents.
Different amounts of 0.2, 0.4, 0.6, 0.8, and 1 gram
of adsorbents  were  used  for  this  purpose.  Subse-
quently,  adsorption  isotherms  were  determined
using  nitrate  solutions  with  concentrations  of  20,
45, 80, 100, 150, and 200 ppm, following the opti-
mal conditions obtained earlier. In the experiments
combined  with  ultrasonic  treatment,  equilibrium
time tests  were  performed at  3  and  5  minutes.  To
evaluate  and  compare  the  adsorption  capacities  of
biochar,  biochar  coated  with  Fe  (III),  and  biochar
coated  with  Zn  (II)  for  nitrate,  the  Langmuir  and
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Freundlich isotherms were used to  fit  the sorption
data.  The  equation  for  Langmuir's  adsorption
isotherm is as follows:

Langmuir,Ce/qe = 1/bqm+Ce/qm (1)

Where: Ce is  the  equilibrium  concentration  of
nitrate in solution (mg·L−1); qe is the amount of the
nitrate  adsorbed  per  unit  weight  of  biochar
(mg·g−1); b is  the  constant  related  to  the  affinity
and qm is  the  maximum  adsorption  capacity
(mg·g−1). A straight line is obtained by plotting 1/qe

against 1/Ce, where qe is determined from the slope
(b)  and  the  intercept  (qm)  with  the  y-axis  of  the
graph.

The  equation  for  Freundlich's  model  is  as
follows:

logqe = logk f + (1/n f ) logCe (2)

mg/g L/mg)
1
nWhere: kf (( )( )  and nf (dimension-

less) are  the  constants  that  are  related  to  adsorp-
tion capacity and adsorption intensity, respectively.
The  adsorption  capacity, kf,  accurately  describes
the adsorption data in practical terms, enabling the
investigation  of  the  adsorbents'  capacity  for  the
pollutant.  When  examining  the  Freundlich  model,
plotting  logqe against  logCe yields  a  straight  line,
and the slope and intercept of this line correspond
to 1/nf and kf, respectively.

 2  Results and discussion

 2.1 Results  of  preliminary  experiments
comparing biochars

The  results  indicated  that  biochars  produced  at  a
temperature of 350°C, as well as those coated with
Fe3+ and  Zn2+ at  this  temperature,  exhibited  poor
performance  in  nitrate  adsorption.  Similarly,
among  the  biochars  produced  at  a  temperature  of
650°C,  those  coated  with  solutions  containing
1,000 ppm of Fe3+ and 10,000 ppm or 30,000 ppm
of Zn2+ also did not show satisfactory performance.
Consequently,  three  effective  adsorbents,  namely
biochar  (B),  biochar  coated  with  10,000 ppm Fe3+

solution (BF), and biochar coated with 40,000 ppm
Zn2+ solution  (BZ)  (all  produced  at  a  temperature
of 650°C),  were  selected  for  further  experimenta-
tion.

 2.2 The effect of ultrasonic times

The  results  of  the  preliminary  tests  indicated  that
ultrasonic applications for a duration of 5 minutes
exhibited better performance compared to applica-

tions  for  3  minutes.  As  a  result,  the  duration  of
ultrasonic  application  in  other  related  experiments
was set to 5 minutes.

 2.3 Effect of equilibrium time on nitrate
adsorption

Experiments  were  conducted  to  determine  the
equilibrium time  for  three  adsorbents:  B,  BZ,  and
BF.  The  equilibrium times  chosen  for  B,  BF,  and
BZ  were  60,  60,  and  120  minutes,  respectively.
The  results  of  these  experiments  are  illustrated  in
Fig. 1.
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Fig. 1 The amounts of nitrate adsorbed by B, BZ, and
BF from solutions at different time intervals
 

 2.4 The effect of solution pH on nitrate
adsorption

Aqueous  pH  not  only  influences  the  chemical
speciation of ions but also alters the surface charge
on biochar surfaces through protonation and depro-
tonation  of  surface  functional  groups,  thereby
impacting  ion  adsorption  processes  (Zhang  et  al.
2020).  pH  is  a  crucial  parameter  controlling  all
stages  of  adsorption,  affecting  the  speciation  of
nitrate  and  the  surface  charge  of  the  adsorbent
during  the  adsorption  process.  The  increase  in
adsorption is  attributed  to  the  enhanced  electro-
static  attraction  between  the  adsorbent  and  the
adsorbed  ions  (Zameni  et  al.  2016).  The  amounts
of  nitrate  adsorbed  at  different  pH  levels  are
presented in Fig. 2.

The amount of adsorbed nitrate increased as the
solution's pH  decreased  for  the  adsorbents,  reach-
ing the maximum adsorption at pH levels of 2 and
4. Recent studies have shown that the efficiency of
nitrate  adsorption  is  significantly  affected  by  the
pH of  the  solution  and  the  presence  of  competing
anions. At lower pH levels, the adsorbent surfaces
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become positively  charged,  increasing the electro-
static  attraction  between  the  adsorbent  and  the
negatively  charged  nitrate  ion,  thereby  increasing
the adsorption efficiency. Conversely, at higher pH
values,  the  adsorbent  surfaces  acquire  negative
charges,  leading  to  electrostatic  repulsion  with
nitrate ions,  thereby  reducing  the  adsorption  effi-
ciency.  In  addition,  hydroxide  ions  (OH−)  present
at  higher  pH  levels  compete  with  nitrate  ions  for
adsorption sites,  further  reducing the efficiency of
nitrate removal. The presence of other anions such
as  phosphate  (PO4

3−)  and  sulfate  (SO4
2−)  can  also

compete  with  nitrate  ions  for  adsorption  sites,
thereby  reducing  the  nitrate  adsorption  capacity,
consistent  with  the  findings  of  Zameni  et  al.
(2016), Kumar and Singh (2024), and Sharma and

Gupta  (2024).  The  pH  of  the  solution  not  only
influenced  the  surface  charge  and  dissociation  of
functional  groups  but  also  impacted  the  degree  of
ionization,  determining the adsorption behavior  of
the  adsorbent  (Hu  et  al.  2015).  The  experimental
results  demonstrated  that  the  performance  of  the
adsorbents decreased with increasing pH.

At  higher  pH  levels,  OH− ions  may  compete
with  nitrate  for  adsorption  sites  on  the  biochar
surface.  It  has  been demonstrated  that  protonation
of  biochar  surface  functional  groups  at  low  pH
results  in  an  increase  in  positive  surface  charge,
which is  believed to enhance nitrate  sorption.  The
optimum  pH  values  obtained  in  this  research  for
nitrate  adsorption  are  4,  7,  and  10  for  BF,  BFU,
and BZU, respectively, while it is 2 for BU, B, and
BZ.

 2.5 Effect  of  adsorbent  dosage  on
nitrate adsorption

The amount of nitrate adsorbed at  different adsor-
bent  doses  is  presented  in Fig.  3.  The  optimal
adsorbent  dose  obtained  for  BZU  and  BU  is  0.3
grams, while for BFU, BF, BZ, and B, it is 1 gram.

The  initial  concentration  of  the  solution  is
another  important  and  influential  factor  in  the
process  of  nitrate  adsorption  by  adsorbents.  The
higher  maximum  adsorption  capacity  in  biochars
with iron coating is attributed to the fact that most
of  the  biochar  surface  carries  a  negative  charge,
while  Fe  (III)  with  its  positive  charge  is  adsorbed
on  the  biochar  surface,  serving  as  an  interface  to
bind the nitrate anions and increase the amount of
adsorption.  This  finding  is  consistent  with  the
results  of  Zameni  et  al.  (2016).  The  values  of
nitrate adsorption at six different concentrations for
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test treatments are presented in Table 1. Addition-
ally,  the  efficiency  and  adsorption  capacity  at  the
equilibrium time,  optimal  pH,  and  adsorbent  dose
for different concentrations of nitrate solutions are
illustrated  in Fig.  4.  As  the  concentration  of
dissolved nitrate increases, the loading ratio of ions
on the adsorbent surface rises due to greater acces-
sibility and more collisions of ions with the adsor-
bent  surface,  resulting  in  increased  adsorption
capacity (Amininejad et al. 2019). At low concen-
trations,  nitrate  ions  effectively  interact  with  the
sites  on  the  adsorbent  surface,  leading  to  a  higher
percentage  of  adsorption.  However,  at  higher
concentrations, the adsorption efficiency decreases

due  to  the  saturation  of  adsorption  sites  (Oprescu
et al. 2022).

As  the  initial  concentration  increases,  the
adsorption capacity also increases, likely due to the
concentration gradient and the higher driving force
at higher concentrations. However, this leads to the
saturation of all adsorption sites, resulting in a rela-
tive decrease  in  the  total  adsorbed  nitrate  effi-
ciency.  To  determine  the  optimal  concentration
considering  favorable  efficiency  and  adsorption,  a
limit should be considered that removes the maxi-
mum  amount  of  pollutant  with  the  lowest  cost
(e.g., adsorbent usage, dilution of polluted sources,
etc.).  Based  on  this,  the  optimal  concentration  for

 

Table 1 Nitrate adsorption values in 6 different concentrations by experimental treatment

Initial
concentration
(mg/L)

BF BFU BZ BZU B BU
Ce

**

(mg/L)
qe

*

(mg/g)
Ce

(mg/L)
qe

(mg/g)
Ce

(mg/L)
qe

(mg/g)
Ce

(mg/L)
qe

(mg/g)
Ce

(mg/L)
qe

(mg/g)
Ce

(mg/L)
qe

(mg/g)
20 0.03 0.79 0.19 0.79 4.48 0.62 13.81 0.82 12.48 0.30 13.24 0.90
45 1.16 1.75 1.36 1.74 21.14 0.95 35.28 1.29 36.43 0.34 24.28 2.76
80 6.40 2.94 5.27 2.98 53.87 1.04 54.21 3.43 60.74 0.77 39.98 5.33
100 8.57 3.65 14.73 3.41 74.00 1.03 64.18 4.77 77.20 0.91 49.67 6.71
150 23.78 5.04 36.81 4.52 112.06 1.51 64.71 11.37 107.75 1.68 87.49 8.33
200 46.14 6.15 49.96 6.00 151.51 1.93 129.02 9.46 122.79 3.08 105.88 12.54
Notes: qe

* is the amount of nitrate adsorbed per unit weight of biochar
Ce

** is the equilibrium concentration of nitrate in solution
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Fig. 4 The efficiency values and adsorption capacity at different nitrate concentrations
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BFU was  found  to  be  100  ppm,  with  correspond-
ing  efficiency  and  adsorption  capacity  values  of
85.26% and 3.41 mg/g, respectively. Similarly, the
optimal concentration for BF was determined to be
100  ppm,  with  efficiency  and  adsorption  capacity
values of 91.42% and 3.65 mg/g, respectively. For
BZU, the optimal concentration is 150 ppm, result-
ing in efficiency and adsorption capacity values of
56.85% and  11.37  mg/g.  For  BZ,  BU,  and  B,  the
optimal  concentrations  are  80  ppm,  200 ppm,  and
200  ppm,  with  corresponding  efficiency  and
adsorption  capacity  values  of  32.66% and  1.04
mg/g,  47.05% and  12.54  mg/g,  and  38.6% and
3.08 mg/g, respectively.

 2.6 Investigation  of  nitrate  adsorption
isotherms

In recent years, the meticulous selection and appli-
cation of adsorption isotherm models have become
increasingly  vital  in  accurately  characterizing
nitrate adsorption processes (González-López et al.
2021). Adsorption  isotherms  illustrate  the  interac-
tions  between  the  adsorbent  and  the  adsorbed
material,  indicating  that  the  amount  of  adsorption
is  a  function  of  the  adsorbate  concentration.
Among  the  isotherm  models,  Langmuir  and
Freundlich are the most commonly used in adsorp-
tion experiments.  The  Langmuir  model  is  particu-
larly  relevant  for  monolayer  adsorption,  assuming
adsorption  occurs  on  an  adsorbent  surface  with
uniform energy  and  a  limited  number  of  adsorp-
tion  sites.  On  the  other  hand,  the  Freundlich
isotherm model  is  an empirical  model  suitable  for
non-uniform  adsorption  on  independent  sites,
allowing  for  multiple  layers  of  adsorption  (Ogata
et al. 2015).

The  values  obtained  for  Langmuir  and
Freundlich  isotherm  parameters,  along  with  the
correlation coefficient (R2) of nitrate adsorption in
different treatments, are presented in Table 2.

In  the  analysis  of  the  two  isotherms,  it  was
observed  that  the  Freundlich  isotherm  exhibited
higher  correlation  coefficients  (R2)  for  BF,  BFU,
BZ, and B, indicating a better fit of the Freundlich
model  in  these  treatments.  The  better  fit  of  the
Freundlich  adsorption  isotherm  suggests  the
heterogeneity  of  biochar  surface  adsorption  sites,
implying that the adsorption process is not limited
to  a  single  monolayer.  Nitrate  adsorption  on  the
biochar surface  is  likely  dominated  by  electro-
static  adsorption  and  ion  exchange.  On  the  other
hand, in  the  BZU  and  BU  treatments,  the  Lang-
muir model showed a better fit according to the R2

values.  This  indicates  that  in  BU  and  BZU,  the
adsorption  surfaces  are  likely  uniform,  and  the
adsorption  process  takes  place  in  homogeneous
regions on the adsorbent surfaces. Furthermore, the
reaction  between  the  adsorbing  materials  is
limited,  and  after  a  single-layer  adsorption  on  the
adsorbent surface, the nitrate ions occupy all avail-
able  sites,  leading  to  no  further  adsorption  on  the
adsorbent  surface.  In  the  examination  of  the
Freundlich  isotherm,  the  values  of  nf (which  are
between 2 and 10) indicate the distribution of parti-
cles  of  adsorbed  material  on  the  surface  of  the
adsorbent  material.  It  was  found  that  treatments
BF, BFU, and BZU exhibit a favorable adsorption
status,  indicating  the  desirability  of  their  curved
shape.  In  treatment  B,  the  value  of  nf being
between  1  and  2  indicates  a  normal  adsorption
state, and the curve shape is linear. Recent studies
have  shown  that  nitrate  adsorption  on  various
biochars  and  functionalized  materials  exhibits
isotherm  behaviors  indicating  high  affinity
between  nitrate  ions  and  adsorbent  surfaces.  For
example,  Eissa et  al.  (2024) found that  adsorption
data for  different  types  of  biochars  fit  both  Lang-
muir and Freundlich  isotherm models,  with  corre-
lation coefficients (R2) greater than 0.987, indicat-
ing  strong  interaction  between  nitrate  ions  and
adsorbent  surfaces.  Similarly,  Sharma  and  Gupta

 

Table 2 The values obtained for Langmuir and Freundlich isotherm parameters and the correlation coefficient of
nitrate adsorbed in different treatments

Isotherms parameters

Treatment
Langmuir Freundlich

qm b R2 kf nf R2

BF 3.345 8.491 0.894 1909.414 3.641 0.985
BFU 3.664 1.405 0.95 1484.22 2.942 0.981
BZ 1.341 0.184 0.806 386.63 3.562 0.856
BZU - - 0.886 26.24 0.795 0.799
B 1.632 0.016 0.713 18.488 1.047 0.806
BU - - 0.946 56.48 0.852 0.944
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(2024)  reported  that  the  Sips  isotherm  model
provided  the  best  fit  for  nitrate  adsorption  on
iron-coated  biochar  derived  from  parthenium
Hysterophorus, indicating  heterogeneous  adsorp-
tion sites with high affinity for nitrate ions. For BU
and  BZU,  nf values  less  than  1  suggest  a  weak
adsorption  state  and  an  unfavorable  curve  shape.
The  high  values  of  adsorption  capacity  (kf)
obtained  for  BF,  BFU,  and  BZ,  which  are
1,909.414,  1,484.22,  and  386.63,  respectively,
indicate  the  high  adsorption  capacity  of  these
adsorbents for nitrate. Fig. 4 displays the curves of
adsorption isotherms.  Recent  studies  have demon-
strated  that  the  shape  of  adsorption  isotherms
provides insights  into  the  affinity  between  adsor-
bents and nitrate ions. For instance, Homagai et al.
(2023)  investigated  the  adsorption  of  nitrate  and
nitrite  anions  using  modified  maize  stalks  and
observed  that  the  adsorption  data  conformed  well
to the Langmuir isotherm model, indicating mono-
layer adsorption  with  high  affinity  at  low concen-
trations. In contrast, according to Fig. 5, the adsor-
ption isotherm curve for  BZU is  S-shaped.  S-type
isotherms  show  that  with  the  increase  in  the  con-
centration  of  the  adsorbed  substance  (pollutant),
the  slope  initially  increases,  but  eventually,  as  the
empty  adsorption  sites  are  filled,  the  slope
decreases and reaches zero.

 2.7 Investigating the  effect  of   ultra-
sonic waves on nitrate adsorption

The highest values for maximum adsorption capac-
ity  (qm)  were  obtained  in  BFU and  BF,  which  are
3.664 mg/g  and  3.345  mg/g,  respectively,  indicat-

ing that ultrasonication increased the amount of qm.
Interestingly, the equilibrium time for BFU (5 min)
was much shorter than that of BF (60 min). More-
over,  when  comparing  the  values  of  R2 in  the
Langmuir and Freundlich models,  it  was observed
that  the  use  of  ultrasonics  increases  the  values  of
R2 in  the  Langmuir  model  and  decreases  them  in
the  Freundlich  model.  This  observation  suggests
that  ultrasonication  leads  to  uniformity  in  the
adsorption surfaces, causing the adsorption process
to occur in homogeneous regions on the adsorbent
surfaces and resulting in single-layer adsorption on
the adsorbent surface.

This effect  might be attributed to the pulveriza-
tion of  the  adsorbent  particles  in  the  nitrate  solu-
tion due to the application of ultrasonic waves. The
experiments  revealed  that  the  adsorbent  particles
turned  into  a  very  soft,  tiny,  and  homogeneous
powder  during  the  BFU,  BZU,  and  BU  tests,  an
effect  not  observed  when  the  solutions  were
merely  shaken  in  B,  BZ,  and  BF.  The  percentage
of  nitrate  removed  in  different  treatments  and
experiments  is  shown  in Table  3.  Comparing  the
percentage of nitrate removal in the experiments to
determine  the  optimal  pH,  it  was  observed  that
ultrasonic waves had a significant effect on nitrate
removal  and increased the  removal  percentage for
BU compared to B and for BZU compared to BZ.
Similar  results  were  found  in  the  experiments  to
determine the optimal adsorbent dose, where ultra-
sonication  increased  the  percentage  of  nitrate
removal in all three adsorbents.

Furthermore,  in  the  experiments  with  different
initial  nitrate  concentrations,  ultrasonication  also
led  to  an  increase  in  the  percentage  of  nitrate
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Fig. 5 The amount of nitrate adsorbed by B, BU, BZ, BZU, BF, and BFU from solutions at different initial nitrate
concentrations
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removal  in  BU  and  BZU.  Analyzing  the  data  in
Table  1,  we  found  that  ultrasonication  resulted  in
an  increase  in  the  adsorption  capacity  values  in
biochar  and  biochar  adsorbents  coated  with  Zn2+

and a decrease in the final concentration of nitrate
in the solution.

In treatment  U,  the  results  showed  that  ultra-
sound  can  remove  nitrate  from aqueous  solutions,
which can be attributed to the production of hydro-
gen from ultrasound products in aqueous solutions
(at  high frequencies  of  20 kHz),  which causes  the
reduction of nitrate ions and free radicals produced
in  the  microstreaming  process  as  well  as  the  high
temperature  and pressure  of  microbubbles  and the
high energy of ultrasonic irradiation that promotes
bond cleavage. In the ultrasonic process, pyrolysis
occurs  within  the  cavities  of  water  molecules,
which  produces  hydroxyl  radicals  and  hydrogen
atoms in  the  gas  phase.  When contaminants  come
into contact  with  ultrasonic  waves,  the  contami-
nants  react  with  hydroxyl  radicals  or  decompose
due to heat (Alashti et al. 2024).

 3  Conclusion

The  performance  of  BF  and  BFU  treatments  was
excellent,  with  the  removal  efficiency  of  nitrate
from  aqueous  solutions  reaching  over  90% in

many experiments. The use of ultrasonic waves for
5  minutes  showed  promising  results  compared  to
tests without ultrasonics. It led to increased nitrate
removal, higher adsorption capacity, and enhanced
maximum adsorption capacity. Additionally, ultra-
sonication contributed to creating uniformity of the
adsorption  surfaces,  among  other  beneficial
effects. Utilizing ultrasonic waves in this clean and
environmentally friendly process can play a crucial
role in  addressing  pollutants  like  nitrate  and  miti-
gating  their  harmful  impacts.  Further  research  on
the  effects  of  these  waves  on  environmental
phenomena  is  warranted  to  fully  explore  their
potential. Furthermore,  the  integration  of  ultra-
sonic  waves  with  iron-coated biochar  was  evalu-
ated  for  its  cost-effectiveness.  Despite  the  added
energy requirement for ultrasonication, the signifi-
cant improvement in nitrate removal efficiency and
reduction in equilibrium time make this  combined
method economically  viable,  especially  consider-
ing the low-cost raw material (rice straw) used for
biochar production.

 List of nonstandard abbreviations

B: Treatments using biochar adsorbent
BU: Application of biochar adsorbent combined

with ultrasonic waves
BZ: Biochar coated with Zn2+

BZU: Biochar  coated  with  Zn2+ combined  with
ultrasonic treatment
BF: Biochar coated with Fe3+

BFU: Biochar  coated  with  Fe3+ combined  with
ultrasonic treatment
U: Ultrasonic without adsorbent
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