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KEYWORDS Abstract Dyes induce acute to chronic illnesses in humans and aquatic animals. This study tested
Do dolomite-modified rice husk biochar (DRHB) to eliminate anionic reactive dyes Remazol Brilliant
Dolomite; Blue (RBB) and Reactive Black 5 (RB-5) from simulated wastewater solutions. DRHB was pro-
Remazol brilliant blue; duced by pretreating rice husk biomass with the natural mineral dolomite (CaMg(CO3),) solution
Reactive black 5; following pyrolysis step at 700 °C for 4 h at 8 °C min~'. Pristine rice husk biochar (PRHB) was
Water treatment made by pyrolyzing rice husk for 4 h at 700 °C. The DRHB and PRHB were characterized via dif-

ferent techniques including, Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA) and Scanning electron microscopy (SEM). Afterwards, DRHB was used to get
rid of the dyes in the wastewater solutions, and the effects of dose, pH, and contact duration were
studied. Both RBB and RB-5 exhibited maximal adsorption capacities of 52.07 and 35.518 mg/g at
50 °C, respectively, and the findings matched well with the Langmuir model, demonstrating mono-
layer adsorption. For this system, the pseudo-second-order fit is optimal, pointing to chemisorption
of both substances. The outcomes presented higher adsorption for RBB (95.63%) compared to RB-
5 (85.20%) at 70 mg/L concentration, pH 6, 4 hr. contact time, and 0.3 mg of DRHB dosage. The
primary mechanism to remove of both dyes was chemisorption via n-n bond and hydrogen bond.
These findings provide insights to build an economical, and sustainable anionic dyes removal tech-
nique especially for the third world nations.
© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

William Henry Perkin originally revealed the dye in 1856, and since
then, several variations on the original dye have been developed for
application in different industries (Aracagdk 2022). Dyes can be clas-
sified as either non-ionic (disperse), anionic (reactive, acidic, and
direct), or cationic (basic) and most dyes are composed of aromatic
Peer review under responsibility of King Saud University. structures (Hassan and Carr 2018, Al Kausor et al., 2022). The dyes
gave our world a colorful appearance and were used mostly in the sec-
tors of painting, textile manufacturing, tanning, dying, pharmaceutics,

PR and paper and pulp production (Mittal 2021). Annually, the textile
ELSEVIER Production and hosting by Elsevier industry consumes 10,000 tons of dyes, generates 3,600 tons of wastes
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containing dye, and discharges 5,000 tons of dye into wastewater efflu-
ents (Murugesan et al., 2021, Renita et al., 2021, Uddin et al., 2021).
The dye use is surged in Asia, particularly in India and China. It is pre-
dicted that by the year 2030, 47% of the global population would have
limited access to safe drinking water (Islam et al., 2021). Dye in water,
even at concentrations as low as 1 mg/L, is incredibly unappealing
(Ardila-Leal et al., 2021, Kapoor et al., 2022). Water transparency isn’t
the only thing the dyes interfere with; they also elevate turbidity, bac-
terial oxygen demand (BOD), chemical oxygen demand (COD),
change the pH, and obstruct the light that would normally reach the
water, which may reduce photosynthesis and hasten eutrophication
(Hassan and Carr 2018, Wanyonyi and Mulaa 2020).

The usage of reactive dyes is exceptionally prevalent as they
account for 45% of total dye use (Gokulan et al., 2019). The azo dyes
are used widely (70% of the total dye’s usage) due to their prominent
characteristics such as high solubility, jet blackness and no dust forma-
tion (Feng et al., 2022). Reactive black 5 (RB-5) is an azo reactive dye
with widespread use in the textile industry. Removal of RB-5 in the
standard biological treatment stage is challenging since it is difficult
to metabolize the dye and it cannot be digested in aerobic conditions
(Salleh et al., 2011, Uddin et al., 2021). The presence of one or more
diazinyl functional groups makes azo dyes highly resistant of photo-
catalysis and oxidizing agents (Ben Ayed et al., 2022). The azo bonds
makes it carcinogenic and mutagenic to living organisms (Srivastava
et al., 2022). The RB-5 was found to disrupt the zebrafish embryo
(Namasivayam et al., 2018), the human neurological system, the diges-
tive system, and induce skin allergy, confusion, headache, elevated
blood pressure, and nausea, etc. (Munagapati et al., 2020, Kapoor
et al., 2022). The dyes accumulate in aquatic creatures via the food
chain, altering their metabolic rate and causing mortality in certain
cases (Feng et al., 2022). Remazol brilliant blue (RBB), commonly
known as Reactive blue-19, is a notable reactive dye that is a vinyl
sulfone-based formazan dye (Arya et al., 2020). The textile sector is
the principal consumer of RBB, which is utilized primarily as a starting
material in the production of polymers (Raj et al., 2021). Like RB-5,
RBB can cause cancer, alter genetic makeup, harm the eye, heart, kid-
ney, lungs, liver and spleen, necrosis, jaundice, etc. (Aracagok 2022,
Zhang et al., 2022).

The layered double hydroxides (Mittal 2021), metal-organic frame-
works (Uddin et al., 2021), coagulation/flocculation (Sonal et al.,
2018), clay minerals (Al Kausor et al., 2022) and ion exchange
(Hassan and Carr 2018), electrochemical methods (Nidheesh et al.,
2018), membrane technologies (Ahmed et al., 2021), bioremediation
(Ihsanullah et al., 2020), ozonation (Elsayed et al., 2022) are energy
demanding and costly techniques. Adsorption has emerged as a pre-
ferred method for treating wastewater due to its effectiveness, wide-
spread acceptance, low cost, and minimal effect on the environment.
The conversion of biomass into biochar is an inexpensive and sustain-
able technique due to the high accessibility of large number of feed-
stocks and non-toxicity (Madduri et al., 2020, Steigerwald and Ray
2021). Following this technique, the agricultural waste materials can
be converted into biochar which is an efficient waste management tech-
nique and also contributes to climate change mitigation by carbon
sequestration (Cheng et al., 2021, Kamali et al., 2021). Changing bio-
char’s properties via modification may boost its adsorption capacity
even further (Amen et al., 2020, Qiu et al., 2021). The modification
can be a costly process, but the use of natural minerals for the modi-
fication is extremely simple and cost-effective technique which could
assist in the large-scale application of biochar for the wastewater treat-
ment (Li et al., 2019).

The biochar is usually considered as an anionic adsorbent due to
abundance of humic and fulvic acids and presence of carboxylic and
phenolic functional groups (Ren et al., 2015). This property makes bio-
char an unsuitable candidate for the absorbance of anionic pollutants.
To solve this issue, several modifications have been done by different
scientists. (Nguyen et al., 2021) used modified biochar with CaCl,,
FeCly and AICI; for the elimination of an anionic Congo red dye.

(Zhang et al., 2014) used MgCl, and Na(OH), for the wheat straw bio-
char modification for the adsorption of direct frozen yellow. In
another study MgCl, was used to modify the biochar (Xu et al.,
2018). However, the published studies on loading technique of Mg
and Ca onto biochar is rather inconvenient and demands a substantial
volume of reagent.

To ease the process, in this study, the pre-modification of rice husk
has been done using a natural mineral “dolomite (CaMg(CO3),” fol-
lowing the subsequent pyrolysis step (700 °C) for the biochar fabrica-
tion(DRHB). The DRHB was applied for the removal of RBB and
RB-5 anionic dyes from the synthetic wastewater and examined the
influence of dosage, pH, initial concentrations (adsorption isotherm)
and contact time (kinetic study). Eventually, the adsorption mecha-
nisms and regeneration potential of DRHB were investigated.

2. Materials and methods

2.1. Materials

Analytical-grade chemicals were employed in this investiga-
tion. Remazol Brilliant Blue (C,,H;¢N,;Na,O;;S;, Sigma-
Aldrich, CAS: 2580-78-1, MW: 626.54), Reactive Black 5
(Cy6H»1NsNay019Sg, Sigma-Aldrich, CAS: 17095-24-8, MW:
991.8), hydrochloric acid and sodium chloride were obtained
from Sigma Aldrich. Both dyes’ molecular structures are
depicted in Fig. 1. The highly pure distilled water (DI) (17.8
megaohm) was used for all experiments. One gram of RB-5
and 1 g of RBB were each dissolved in one liter of DI to create
a 1 g/L stock solution. The stock solutions were diluted to fur-
ther use in the different parts of experiment. Solution pH was
controlled using 0.1 M HCI and NaOH.

2.2. Biochar fabrication

The 15 g of rice husk biomass was placed in alumina crucible
boat and pyrolyzed at 3 different temperatures 300, 500 and
700 °C in a furnace tube (OTF-1200X) for 4 h at heating rate
of 8 oC min~" in presence of N, to obtain pristine rice husk
biochar (PRHB). Based on high surface area, we choose to
fabricate the DRHB at 700 °C using pre-modification tech-
nique. For pre-modification, 15 g of rice husk biomass was first
immersed in the dolomite slurry (3 g Dolomite into 150 mL DI
water) for 24 h following 1 h of sonication. The obtained bio-
mass has been dried in an oven at 85 °C for 12 h. After that the
biomass was placed in alumina crucible boat and pyrolyzed at
700 °C for 4 h at heating rate of 8 oC min~! in a furnace tube
(OTF-1200X) under N>.

2.3. Biochar characterization

The biochar was grinded to make homogenous powdered
form. The FTIR spectrometer (Thermo Scientific Nicolet
1S50) was used in the range of 400 to 4000 cm™' to examine
functional groups of biochar. The carbon, nitrogen and hydro-
gen content of biochar was determined by using CE-440 Ele-
mental Analyzer. The surface area and pore volume were
examined using Quantachrome Autosorb iQ gar sorption ana-
lyzer (Quantachrome ASIC0500-5, USA). The DRHB struc-
ture was observed before and after the trial via FE-SEM
(JEOL JSM-6500F Field Emission Scanning Electron
Microscope).
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Fig. 1  Chemical structures and empirical formulas of RBB and RB-5 dyes.
2.4. Point of zero charge (PZC) gt = (Co—C)V )
m

To determine DRHB’s PZC, 25 g of biochar was dissolved
in 25 mL of 0.01 M NaCl solution. Using 0.1 M NaOH
or HCI, the solution’s pH was pre-set at 2, 4, 6, 8§, 10,
and 12. There was a 24-hour period of shaking the samples
at 250 rpm. After then, the PZC was calculated based on
the final pH plot.

2.5. Adsorption experiments

2.5.1. Influence of pH

The pH effects on adsorbate adsorption potential were studied
by varying the pH from 2 to 12 at 2-point intervals. The 20 mg
of adsorbent was added into 20 mL of 70 mg/L RB-5 and RBB
solution and agitated at 250 rpm for 4 h. Initially, dissolved
CO, was removed from the NaCl solution by purging the sys-
tem with N, gas. The 0.22 m syringe filters were used to filter
the final product and placed in the vials for further concentra-
tion analysis.

2.5.2. Adsorption kinetics

The adsorption kinetics for RB-5 and RBB removal using
DRHB was determined. The 30 mg of biochar was added in
10 mL solution of 30, 50 and 70 mg/L of RB-5 and RBB solu-
tion having pH 6 and agitated in mechanical shaker at 250 rpm
speed for time ranging from 10 min to 360 min. A syringe filter
with a pore size of 0.22 um was used to filter the solution
before continuing the study. Adsorption kinetics for RB-5
and RBB on DRHB were studied using linear and non-linear
pseudo-first order and pseudo-second order models.

The following equation was used to determine the removal

efficiency:
C”) £ 100 (1

The following equation was used to determine the sorption
capacity:

Yremoval = (Cog

0

C, is the initial concentration (mg/L) of dyes, C, is the dyes
concentration at time t (mg/L), V is solution volume (L), m is
adsorbent mass (g).

Thermodynamics study has been done at 25, 35 and 50 °C
using 0.3 g biochar, 70 mg/L of RB-5 and RBB solutions
(10 mL) to examine the temperature influence and energy
changes during the adsorption using Van’t Hoff equation:

AG = —RTInK, (3)
“AH AS
K,j=_——~4°22 4
nK, RT + R ( )
K, = g (5)

The T is the absolute temperature in Kelvin, R is equal to
8314 J K! (Gas constant), Ky is distribution coefficient,
AG is heat capacity in kJ.mol™!, AS is entropy in J.mol
'K~!, AH is enthalpy in KJ.mol~".

2.5.3. Adsorption isotherms

The isothermal study of both dyes, RB-5 and RBB was con-
ducted using the dye concentration ranging from 20 to
140 mg/L in 10 mL solution, 30 mg of DRHB dosage, 3 differ-
ent temperatures (25, 35 and 50 °C) and the shaking speed was
250 rpm was used. The linear and non-linear Langmuir and
Freundlich isotherm models were used to fit the adsorption
data of RB-5 and RBB adsorption on DRHB. The equations
for both pseudo kinetic orders and isotherm models are pre-
sented in Table 1.

The blank without any dye was run before making the stan-
dard calibration curve for each dye on UV—-Vis Spectropho-
tometer (Azzota SM-1800). The instrument was set to
measure the light at a wavelength of 593 nm for RBB and
597 nm for RB-5. After making standard curve in range of 5
to 50 mg/L, the dye concentration was evaluated after each
adsorption trial.
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Table 1 List of adsorption isotherms and kinetic models.

Model Equation

Langmuir linear % = Klqinax 4 qg{‘;x

Langmuir non-linear Qe = ?z’llgg:

Freundlich linear In (ge) = [In (Kf) + (%) In (Ce)]
Freundlich non-linear Qe = KfCel/"

Pseudo first order non-linear
Pseudo first order linear

01 = Qe(1 — e7*11)

log (ge — q1) = [log (¢e) — (553) x 1]
Pseudo second order non- Ot = k210¢>

. T+k210e

linear

Pseudo second order linear

— 1 e
at "~ k2(ge)? + qe

2.6. Regeneration experiment

Biochar was tested for its reusability by performing sorption/
desorption studies. Initially, the desorption capability was
investigated using HCI of 0.1 M and NaOH 0.1 M. The NaOH
exhibited more efficacy in regeneration of both dyes RB-5 and
RBB compared to HCI due to same anionic charge. The regen-
eration experiment was performed using 0.3 g biochar, 70 mg/
L of RB-5 and RBB solutions, following by washing using10
mL of 0.1 M NaOH for 60 min for three cycles. The desorption
% of DRHB for both dyes was determined using following
equation:

% Desorption = (Codes) %100 (6)

sorb

C, represents the initial dye concentration in mg/L, and
Csorb represents the final dye concentration after sorption.

3. Results and discussions

3.1. Evaluation of pH effect and point of zero charge (PZC)

The pH of solution and the adsorbent type both are significant
parameters influencing sorption of contaminants. The DRHB
showed higher removal efficiency for both dyes (RBB and RB-
5) at acidic pH compared to the alkaline (Fig. 2). At pH 2, the
removal percentage for RBB and RB-5 was 99.39% and

24

(a) —=—RBB

22 —e—RB-5

20 4

18 4

qe (mg/g)

16

14 |

12 4

10

T

2 4 6 8 10
pH

Fig. 2
Adsorption (%).

96.922%, respectively. Till pH 6 the removal percentage was
high for both dyes after which a clear decline in the adsorption
potential was detected with lowest removal percentage for both
dyes RBB and RB-5 (64.25% and 49.43%) at pH 10 (Fig. 2).
Dye adsorption is influenced by dye ionic form and charge on
the DRHB surface at different pH levels. Both dyes are anionic
in nature and exhibited higher adsorption potential in acidic
pH because of the electrostatic attraction after the protonation
of surface functional groups of DRHB. The negatively charged
functional groups on the DRHB surface, as well as an abun-
dance of OH- groups, prevent the sorption of alkaline dyes
in an alkaline environment owing to electrostatic repulsion.
In case of RBB, the H™ interacts with the NH, group on car-
bon 1 of the third ring of dye and transforming it into proto-
nated NHj in acidic conditions (Mahmoud et al., 2007). The
overall mechanism is explained in below equations (7) and (8):

CynH\sNyNay 01,55 + H" — [6'221‘117]\72]\761201153]+ (7)

[C221L117]\72N¢1201153]+ - [szl"llsf\/zf\fazOnSsrr + H, (8)

This results in increase in the adsorption at cation exchange
sites causing high removal in acidic pH and the adsorption
drops dramatically when the pH rises over 7. Both dyes possess
SO3 groups which facilitates the electrostatic interaction in the
acidic environment. (Arya et al., 2020) and (Nandanwar et al.,
2022) observed similar outcomes of pH influence on RBB
adsorption on carbon-based adsorbents. In alkaline condition
the, the dye loses one H" which reacts with OH group in the
alkaline solution to form water. The outcome of losing H™ is
the development of negative charge on the carbon # 7 of the
dye solution resulting in [Cy,H;sN,Na>O;;S3]", as shown in
equation (9). When electrons are transferred from the adjacent
sulfonyl group to carbon # 7, a sulfur carbon double bond
(S = C) develops, and the oxygen atom of the sulfonyl group
acquires a negative charge (Nagendrappa 2004, Mahmoud
et al., 2007).

CpH\sN:Nay01,S; + OH — [CpHsN2Nay01,S5]
+ H,0 9)

The high removal of RB-5 and RBB in acidic environment
might be due to the electrostatic attraction due to the opposite
charges. The removal of anionic dyes at alkaline pH might be

I % RBB

(b) B % RB-5

100
80
60

40

Adsorption (%)

20 -

Influence of pH on the removal performance of DRHB for RBB and RB-5 dyes (a) Adsorption capacity (mg/g) and (b)
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Fig. 3  Point of zero charge (PZC) of DRHB.

due to the chemisorption and pore diffusion mechanism. The
point of zero charge (PZC) of adsorbent surface also plays cru-
cial role in adsorption mechanism of dyes. The experiment out-
comes depicted the pzc of DRHB is 9.5 (Fig. 3). At this value,
the net surface charge of biochar is zero. Furthermore, pyrol-

SEI 5.0kV

X450 WD 14.1m

ysis temperature has an important role in determining pzc
value. Biochar fabricated at high temperature (700 °C) has
high pzc values due to the formation of inorganic carbonates
Mg>" and Ca®' (Yuan et al., 2011, Bombuwala Dewage
et al., 2019). An abrupt increase in the pH of final solution
from 2 to 4 has been observed which could be attributed to dis-
solution of dolomite at acidic pH results in the release of car-
bonates ions which increase pH. Dolomite also possesses Ca” "
and Mg®" ions which is also the reason for the high pzc of
DRHB.

3.2. Characterization of PRHB biochar and DRHB

SEM micrographs display the morphology and structure of the
fabricated PRHB, DRHB and DRHB after adsorption
(Fig. 4). The surface of PRHB looked smooth and more por-
ous with some impurity particles. However, the structural
changes inthe DRHB have been clearly noticeable due to
the modification. The DRHB surface appeared rough and
pores appeared to be filled due to the even distribution of dolo-
mite over its surface. The outcomes of BET analysis support it
as the surface area of PRHB is higher (238.54 m?/g compared
to the DRHB (214.24 m?/g) (Table 2) (Li et al., 2019). The
DRHB surface after adsorption seemed to be loaded with dyes

»

NONE SEI 50kV X450 WD 152mm 10um

m 10un

Fig. 4 Fe-SEM micrograph of (a) PRHB, (b) DRHB and (c) DRHB after adsorption.

Table 2 Elemental analyses and surface area of PRHB and DRHB.

Sample Pyrolysis temperature (°C) Elemental analysis Surface area
C% H% N% R% m?/g

PRHB 300 °C 44.09 4.17 0.76 50.98 73.70

PRHB 500 °C 46.28 2.11 1.08 50.53 113.48

PRHB 700 °C 47.64 1.46 1.83 49.07 238.54

DRHB 700 °C 41.63 1.26 1.03 56.09 214.24
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and crushed due to the
experimentation.

EDX spectral examination of the adsorbent surface indi-
cated several elements including C, O, Ca, Mg, N and Cl,
etc. The detection of magnesium and calcium in EDX spectra
validates the successful modification of biochar (Fig. 5a, b).

According to the N, adsorption—desorption isotherm, biochar

vigorous stirring during

has a curve that is characteristic of Type IV isotherms and hys-
teresis H3. Capillary condensation in mesoporous materials
causes this hysteresis. The Type IV isotherm may be divided
into two branches, the first of which corresponds to monolayer
N, adsorption and the second of which is linked to the forma-
tion of multilayers (Fig. 5¢) (Silva et al., 2016).
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Fig. 5 Electron Image and EDS spectra of DRHB (a, b) and nitrogen adsorption—desorption analysis of DRHB (c).
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Table 3 Adsorption Kinetic parameters for RBB and RB-5 at initial concentration of 30, 50 and 70 (mg/L), 0.03 (g/L) DRHB dosage

and temperature 25 °C.

Models C, (mg/L) RBB RB-5
30 50 70 30 50 70
Pseudo-first order K, (1/min) 0.053 0.041 0.062 0.044 0.034 0.016
de (mg/g) 9.60 15.017 20.923 9.761 13.89 19.163
R? 0.95 0.911 0.922 0.949 0.947 0.958
Pseudo-second order K, (g/mg/min) 0.008 0.005 0.004 0.007 0.004 0.005
e (mg/g) 10.34 16.12 22.47 10.49 14.99 20.48
R? 0.996 0.987 0.993 0.986 0.992 0.998

The thermogravimetric analysis (TGA) of PRHB and
DRHB is displayed in Fig. 6a. Different endothermic weight
losses are observed at different temperatures for both biochars.
The sharp 5% weight loss is observed till 150 °C for PRHB
and 3% observed at temperature of 100 °C which is attributed
to the moisture loss (Eltaweil et al., 2020). Sharp decrease in
weight loss is observed from 150 to 800 °C for PRHB which
might be due to the decomposition of organic compounds,
including lignin and cellulosic compounds (Eltaweil et al.,
2022). From 100 to 560 °C the weight loss trend was stable
and after that a rapid loss in weight was observed which can
be due to the decomposition of H,, carbonates and organic
compounds. The peak at 800 °C might be ascribed to struc-
tural carbon breakage (do Nascimento et al., 2021). The
weight loss of DRHB is less as compared to PRHB specifically
from 350 to 620 °C which can be due to presence of magne-
sium and calcium, both have high melting points.

The FTIR spectra provides insight into the available func-
tional groups in adsorbent to understand the adsorption mech-
anism (Fig. 6b). The peaks shoulder like peaks from 427 to
827 cm ™! represents -OCHj5 aromatic band. The bending peak
at 1046 cm~' confirms the presence of Si-O-Si and C-O-C
functional groups (Singh et al., 2022). The bending at
1290 cm™! represents the C-N amide III. The peak at
1412 cm ™! in DRHB is due to the stretching of -C = O group
representing the inorganic carbonates which is a proof of suc-
cessful modification with dolomite (Mecozzi et al., 2012).
Functional groups like aromatic C = C stretching vibrations
may be identified in the FTIR spectrum at about 1600 cm™".
The concentration of this band in the PHRB was slightly
higher than that in the DHRB. The stretching of C = O in
aromatic groups represented small bend at 1729 cm™" in both
biochars (Fig. 5b). The vibration bands between 400 and
800 cm~! identifies the Mg-O and O-Mg-O groups (Fang
et al., 2015, Li et al., 2019). The slight peaks from 1500 to
2300 cm ™! represent the C—H vibrations of aliphatic groups.
The results obtained from FTIR analysis indicate that the sur-
face of biochar contains various functional groups such as car-
bonyl, aromatic, aliphatic, carboxyl, hydroxyl, and amide
functional groups.

3.3. Adsorption study

3.3.1. Adsorption kinetic

For process optimization and scaling up investigations, kinetic
models are helpful because they can depict the operation of the
batch sorption system under different experimental settings. In
this investigation, the sorption rates of RBB and RB-5 were

assessed using the pseudo-first order and pseudo-second order
kinetic models. The pseudo-second order R* value for both
RBB and RB-5 spanned from 0.98 to 0.99. The R? value of
pseudo-first order for RBB ranges from 0.91 to 0.95 and
0.94 to 0.95 for RB-5. The q. of DRHB for RB-5 spanned
from 10.49 to 20.48 mg/g and 10.34 to 22.47 mg/g for RBB
(Table 3, Fig. 7). Pseudo-second order model was found to
be the best match for the data, and this model indicates that
adsorption rate is independent of adsorbate concentration
and instead is proportional to adsorbent capacity. Moreover,
this demonstrates that chemisorption is the rate-limiting phase
in this experiment (Sahoo and Prelot 2020, Xu et al., 2021). In
chemisorption, the adsorbate reacts with adsorbent through
chemical bond. The precipitation or bonding of both dyes with
MgO and CaO plays key role in regulating the adsorption pro-
cess and the molecules of both dyes could be adsorbed via
intermolecular forces on the exterior surface of DRHB as
shown in the removal mechanism Fig. 11.

After 180 min, the adsorption equilibrium was attained for
all three concentrations at 30, 50 and 70 (mg/L) yielding high-
est removal from 95.63 to 100% for RBB and 85.20 to 100%
for RB-5. The association between the adsorption of dyes
(RBB and RB-5) and contact time is exhibited in Fig. 8. The
DRHB removed 100% of RBB and RB-5 at 30 mg/L after
240 min. After 4 h the further contact time was showing neg-
ligible efficiency in removing both dyes RBB and RB-5. The
kinetic results suggested that the removal efficiency seemed
to be increased with the contact time, but desorption began
after the 6-hour contact period, which may have been caused
by the biosorbents maximal affinity and the achievement of
equilibrium. The initial fast adsorption is ascribed to the high
availability of active sites (Huang et al., 2018). At beginning
the dye molecules attached to the DRHB surface via electro-
static attraction, van der waals forces, hydrogen bonding and
surface complexation, following the diffusion (surface and
intra-particle diffusion). The prolonged contact time could
increase the likelihood of desorption as the system will have
more time to reach equilibrium. The denseness of dyes mole-
cules in biochar elevates diffusion resistance which could cause
desorption (He et al., 2019).

3.3.2. Adsorption isotherms

The correlation between equilibrium adsorption capacity and
initial concentration can be comprehended with the help of
adsorption isotherms. Equilibrium adsorption is a crucial met-
ric for providing an overview of the relationship between
adsorbent and adsorbate (Reghioua et al., 2021). To determine
the optimal adsorption equilibrium isotherm for dye removal
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by DRHB and thus maximize the adsorption mechanism
routes involved, it is essential to investigate several adsorption
equilibrium isotherms. Langmuir and Freundlich are the most
prevalent models for sorption experiments (Langmuir 1918).
The RBB and RB-5 were taken in different concentration
ranges from 20 to 140 mg/L at three different temperatures

25, 35 and 50 °C. The R? value of Non-linear Langmuir iso-
therm of RB-5 spanned from 0.97 to 0.99 while for RBB all
R? values were higher than 0.99. The overall highest quax val-
ues at three temperatures for RBB and RB-5 spanned from
32.77 to 52.07 mg/g and 22.84 to 35.518 mg/g, respectively
(Table 4). Both RBB and RB-5 reached their maximal adsorp-
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Table 4 Langmuir and Freundlich isotherm model values for RBB and RB-5 at initial concentration from 20 to 140 (mg/L) and three

different temperatures (25, 35 and 50 °C).

Models RBB RB-5
Temp (°C) 25 35 50 25 35 50
Langmuir K, (L/mg) 0.0417 0.127 0.208 0.1079 0.0777 0.1267
Qmax (Mg/g) 32.77 36.76 52.07 22.84 28.93 35.52
R? 0.997 0.997 0.996 0.992 0.985 0.973
Freundlich Kp (mg/g(Lmg~")m)) 4.146 7.225 10.247 5.013 5.440 7.860
N 2.065 2.59 2.93 3.08 2.63 2.72
R? 0.951 0.950 0.979 0.936 0.922 0.913

tion potential of 52.07 and 35.518 mg/g at 50 °C, respectively
(Fig. 9). The R? value of Freundlich isotherm spanned from
0.95 to 0.97 for RBB and 0.91 to 0.93 for RB-5. The R? value
clearly shows that our experimental data follows Langmuir
isotherm. Similar results are exhibited by different research
studies for both dyes in which the data is well fitted to Lang-
muir isotherm (do Nascimento et al., 2021, Hii 2021,
Nguyen et al., 2021, Parimelazhagan et al., 2022). The 50 °C
proves to be the most favorable temperature for sorption of
both dyes in this study. This finding confirms that DRHB’s
principal mechanism of dyes elimination is monolayer
sorption.

The adsorption potential of different sorbents for RBB and
RB-5 removal is presented in Table 5. Overall, the DRHB
exhibited highest removal capacity for RBB (52.07 mg/g) as
compared to the other cited literatures in Table 5 at pH 6.
The Banana peel powder exhibited higher sorption value
(49.2 mg/L) for RB-5 than DRHB (35.518 mg/L) that might
be due to the highly acidic environment (Table 5) that limits
there field applicability because the pH of textile water is
mostly alkaline (Srivastava et al., 2022, Srivastava et al.,
2022). The pH of working solution in our study is near to neu-
tral, similar the real dye contaminated wastewater. The fabri-
cation of biochar using agricultural waste and modification
using natural mineral dolomite is a cheaper alternative to other
sorbents. More research is needed to determine the monetary
worth of dolomite-modified biochar for the treatment of differ-
ent contaminants. The influence of different modification tech-
niques e.g., post modification, can be done to evaluate the

efficiency of dolomite modified biochar on anionic pollutants
removal.

3.3.3. Adsorption thermodynamics

Adsorption thermodynamics is a subfield of thermodynamics
that focuses on examining the state of equilibrium conditions
and energy shifts linked to the adsorption process. This obser-
vation offers valuable insights into the interplay among adsor-
bent and adsorbate molecules, as well as the variables that
impact the adsorption process. The AH° and ASo was deter-
mined by using the slope and intercept after plotting graph
between InK4 and 1/T Fig. 10. Table 6 showed the AH® values
of both dyes (RBB and RB-5) are > 1 which indicates the
adsorption process was endothermic, which is consistent with
the increase in adsorption with temperature (Li et al., 2021).
As RBB and RB-5 dyes had negative G, values (—0.46764,
—1.89913 and —3.47033 KJ.mol™ ") and (—0.21402, —0.72404
and —2.12273 KJ.mol™!) it was determined that biochar was
successful in removing them spontaneously. The G, getting
more negative with the increase in temperature indicates that
higher temperature is more favorable for removing both dyes.
The RBB and RB-5 both exhibited positive ASo (119.366 and
77.16416 J.mol~'.K™') values, indicating strong attraction
between both dyes and DRHB.

3.3.4. Adsorption mechanism

Dye adsorption onto biochar is influenced by several variables,
such as the surface’s functional groups, porosity, adsorbate
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structure, concentration, solution pH and diffusion behavior.
Knowing the adsorption mechanism is crucial for compre-
hending the RBB and RB-5 absorption onto the DRHB sur-
face. The results from the characterization and sorption
studies provides useful information regarding the adsorption
mechanism (Fig. 11). The sorption study outcomes reveal that
the adsorption is monolayer and mostly dependent on the
chemical interactions. RBB and RB-5 contains sulfonic group

which ionize in the form of colored anions after contact with
water. Adsorption of both dyes is greatly influenced by the
abundance of anions (-SO3). The removal of both dyes is thus
indicated to be mainly achieved by electrostatic attraction, n-m,
and hydrogen bonding, especially at acidic pH levels in the
presence of protonated surface functional groups on biochar
(Dutta et al., 2021). The adsorption continues in the basic envi-
ronment specifically due to the pore filling and diffusion mech-
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Table 5 Difference in adsorption capacity of various adsorbents for RBB and RB-5.

Adsorbent pH Qmax (mg/g) Reference

Dolomite modified biochar RBB 6 52.07 This study

Mesoporous activated carbon 2 33.47 (Silva et al., 2016)
Activated charcoal 6 3.82 (Arya et al., 2020)

Bone char 6.54 20.66 (Bedin et al., 2017)
Pineapple leaf powder - 9.6 (Rahmat et al., 2016)
Hydrogel 6 9.88 (Mate and Mishra, 2020)
Coconut shell activated carbon 6.5 35.08 (Hii, 2021)

Coconut shells - 8.01 (Lai, 2021)

Dolomite modified biochar RB-5 6 35.518 This study

High lime fly ash 5.64 7.18 (Eren and Acar, 2007)
Chitosan modified chloride moieties 3 7.956 (Elwakeel, 2009)
Capuassu shell 2 22.9 (Cardoso et al., 2011)
Magnetic iron oxide nano-particles 4 18 (Chang and Shih, 2018)
Banana peel powder 3 49.2 (Munagapati et al., 2018)

Table 6 The distribution and thermodynamic parameters calculated for the adsorption of RBB and RB-5 at different temperatures.

Adsorbent T (°C) qe (mg/g) k=% InKy AG® (KJ.mol™") AH® (KJ.mol ™) AS° (Jmol ' K1)
RBB 25 15.674 1.20773 0.1887476 —0.46764 35.0179 119.366
35 17.259 2.09938 0.7416418 —1.89913
50 18.322 3.64109 1.2922850 —3.47033
RB-5 25 14.806 1.09022 0.0863830 —0.21402 22.87499 77.16415
35 16.517 1.32677 0.2827498 —0.72404
50 17.373 2.20441 0.7904624 —2.12273
presence of Ca>" due to the development of ternary complexes
14 through metal-bridging. It has been observed that mineral ions
LN = RBB (Mg?* and Ca®") in biochar are displaced during the elimina-
1.2 S ® RB- tion of both dyes due to the exposure of biochar surface to the
N N aqueous solution. The anion exchange process contributes in
1.0 - S the removal of both dyes as a result of the discharge of cations
N (such as calcium and magnesium) and anions (such as SO7,
R Y N N NOs, ete.) from biochar surface which make it quicker for dyes
X S \'\ containing sulfonic groups to interact with cations on the sur-
= 06 D S face of the biochar (Singh et al., 2022).
~ ~. N N
044 RN N . 3.4. Recyclability
0.2 - Sl ¥ Biochar-based materials can be used practically and economi-
RN cally after undergoing a particular amount of sorption/desorp-
0.0 tion cycles. To assess the regenerative potential of DRHB, the

T T T T T T
0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340
1T

Fig. 10 The linear diagram of Van’t Hoff equation to calculate
the thermodynamics parameters.

anism. Dye-biochar interactions include ligand exchange at the
inner sphere and metal ion complexes at the outer sphere (Li
et al., 2019).

Both dyes possess different functional groups including
NH, C = O, S = O and NH; which are accessible for making
bonds with —-CH, ~OH, and —CO groups on DRHB surface via
hydrogen bonding, m-m, ion-exchange and electrostatic attrac-
tion. Dye sorption on the DRHB surface is facilitated in the

experiment was performed using DRHB by adsorbing and des-
orbing RBB and RB-5 in 3 regeneration cycles using 0.1 M
NaOH. The adsorption % of DRHB for RBB in three cycles
was from 65.31% to 94.28%. The adsorption % of RB-5 by
DRHB was less compared to RBB. After the first cycle, the
RB-5 adsorption % reduced to 74.36% and 58.39% after the
third cycle. The removal % of RBB and RB-5 from DRHB
in the first cycle was 86.16 and 85.34% for RBB and RB-5,
respectively. Even after the third cycle the 62.422 and
43.714% of RBB and RB-5 was removed from DRHB
(Fig. 12). The decrease in the adsorption rate after each cycle
might be attributed to the structural and chemical changes
(changes in functional groups) in the biochar due to treatment
with NaOH. Also, after each cycle some dyes molecules remain
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on biochar surface which could cause the decrease in the
adsorption due to the saturation of dyes molecules on DRHB
surface and restricting the availability of active sites for further
adsorption.

A similar desorption study on RB-5 using gasification resi-
due biochar was conducted by do Nascimento et al. (do

Removal mechanism of RBB and RB-5 by DRHB.

Nascimento et al., 2021). After three rounds of adsorption
and desorption, regenerated biochar still effectively absorbs
the RB-5, after which the removal percentage declined by
50%. Ak, P. et al. (Ak et al., 2020) used acidic and basic elu-
ents for the desorption study and found NaOH as a best med-
ium using which the biochar showed 99.2% desorption
efficiency after three cycles. The high adsorption potential of
DRHB for both dyes even after three desorption cycles indi-
cates its excellent economic value.

4. Conclusion

The dolomite modified biochar (DRHB) was successfully fabricated
after ultrasonic pretreatment of rice husk biomass with dolomite (a
cheap modifier), following pyrolysis. The adsorption of both dyes on
DRHB was facilitated by electrostatic attraction and m-m bonding.
Chemisorption is shown as the primary adsorption process in the
kinetics investigation of both biochars, as both biochar followed
pseudo-second order model. The DRHB exhibited high adsorption
capacity for RBB and RB-5 with Langmuir qn.x of 52.07 and
35.52 mg/g, respectively. The economical recycling property of DRHB
was shown by the fact that even after three adsorption—desorption
cycles using NaOH, the adsorption% of DRHB for RBB and RB-5
was 65.31 and 58.39%, respectively. The isothermal data of both dyes
was well fitted to Langmuir isotherm than Freundlich isotherm, sug-
gesting monolayer adsorption. The cost analysis studies can be done
to evaluate the production cost of adsorbent. The spent biochar could
be used as a fertilizer after desorbing the dyes. More research is
required to determine how to properly dispose of used biochar. Alter-
native modification methods, such as post-modification of biochar
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with dolomite, may be used to evaluate their impact on the character-
istics and adsorption capacity of biochar. Future research might
explore the effects of various natural minerals on the elimination of
emerging organic contaminants and the capacity of the material to
be used in broad remediation operations.
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