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Abstract

The adsorption performance of biochar was investigated for the removal of Zn from the aqueous solution. Biochar was
produced from three different feedstock: groundnut shell, chickpea straw, and wheat straw using a fixed bed pyrolysis reac-
tor at three different pyrolysis temperatures of 500, 550, and 600 °C for 1 h. The biomass and biochar characterization was
performed to examine the elementary composition, surface morphology, and functional group. The response surface meth-
odology with a Box—Behnken design was applied to understand the influence of biochar dose, heavy metal concentration,
and contact period on the removal efficiency of Zn from an aqueous solution. The influence of biochar dose and contact
time had the most remarkable effect on Zn adsorption. As biochar dose increased from 1 to 3 g/L. and contact time from
60 to 180 min, the Zn removal efficiency was found correspondingly increased from 26 to 97%, respectively. The optimum
conditions found for the maximum Zn removal are 2.90 g/L biochar dosage, 22 ppm heavy metal concentration, and 309 min
contact period were the key parameters to achieve maximum Zn removal efficiency for wheat straw biochar to be around
97.16%. The present experimental investigation concluded that biochar derived from lignocellulosic biomass creates a new

window for the appropriate utilization of environmentally friendly adsorbent in wastewater treatment.

Keywords Biochar - Heavy metal - Groundnut shell - Chickpea straw - Adsorption mechanism - Box-Behnken design -
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Introduction

Heavy metals are considered toxic pollutants, which creates
a hazardous effect on the environment, especially on liv-
ing organisms, animals, and plant. The important resources
responsible for heavy metals (such as Zn, Ng, Cd, Cr, Cu,
and Pb) accumulation in aquatic bodies are industrial efflu-
ents, human activities, marine waste, untreated sanitary
waste [1]. Notably, heavy metals contaminate wastewater
also adversely affects human health and causes bacterial,
viral, and parasitic diseases [2, 3]. Due to rapid growth in
population, commercialization, and civilization, the need for
clean water for daily application is increasing in developing
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countries like India. Therefore, there is an urgent need to
safeguard the water resources by purifying and recycling
the wastewater. Among the different wastewater treatments,
adsorption is recognized as a reliable, cost-effective, and
efficient universal method that offers remarkable benefits
like its availability, ease of operation, environmentally
friendly, effectiveness, and profitability [4].

As areliable adsorbent, biochar is an organic carbon-rich
product of thermal decomposition of biomass in a tempera-
ture range between 350 and 700 °C in the absence of air
[5]. The physicochemical characteristics of biochar, such
as larger surface area, high degree of porosity, availability
of oxygen rich functional groups, cation exchange capac-
ity, make it a reliable adsorbent for wastewater treatment.
Due to the presence of oxygenated functional groups on the
biochar surface occupies a negative charge, therefore adsorb-
ing the positively charged heavy metals or pollutants from
wastewater [6]. Therefore, it can be appropriately used as an
adsorbent material for lowering the concentration of heavy
metals in water bodies. In India, approximately 686 MT of
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crop residue is generated annually, out of which 234 MT is
available as surplus crop residue, which remains unutilized
[7]. So, some peasants in India are burning this surplus crop
residue openly, which causes serious environmental issues,
especially air pollution. The most widely available crops
in the country for agricultural residue generation are cereal
crops, oilseed crops, and some cash crops. Among the differ-
ent crop residues, wheat straw, groundnut shell, and chick-
pea straw are the primary agricultural residues available in
the southern state of India. Country shares around 13.2% of
total wheat production, where wheat straw is a by-product
and ranks second in production after China. India covers the
entire land for wheat crop cultivation is to be around 30.5
million hectares [8]. Similarly, the groundnut shell is one of
the popular biomass feedstock due to its low density avail-
able in India. Groundnut shell is the byproduct of peanut,
having a weight of about 25-30% of the raw peanut [9].
Chickpea straw is residue from the chickpea crop, one of the
major pulse crops grown in India. India is one of the larg-
est chickpeas or also known as the bengal gram producing
country, and contributes more than 75% of the total world
chickpea production [10]. Therefore, management of surplus
crop residue and production of biochar for the removal of
heavy metals from wastewater has opened a new window
in front of the farming and research community. Biochar
has enormous potential to manage the effluents through
animals or plants, thus reducing its environmental emission
load [11]. Many studies are available on biochar production
through muffle furnaces and its application in wastewater
treatment; however, the increased contact between syngases
and produced biochar in muffle furnaces possess a lower
surface area and morphological characteristics of biochar
[12]. Therefore, in the present experimental investigation,
biochar is produced using a pilot-scale fixed bed pyrolysis
reactor and evaluated its performance for removal of Zn.

Traditionally, experimental optimization was carried out
by investigating the effects on an experimental response of
one variable at a time. It was unable to show the interactive
effects between the variables studied. It also has a limita-
tion that a series of experiments are needed in one-factor
optimization, resulting in a time-consuming and costly pro-
cess [13]. By optimizing all the critical variables together,
the statistical experimental design, such as response surface
methodology (RSM), effectively removed the constraints of
the conventional method [13, 14]. RSM is one of the promis-
ing statistical techniques mainly used to assess the impact
of several parameters simultaneously by delivering the more
specific condition for a desirable response.

Among the heavy metal concerns, Zn metal is commonly
identified in effluent from different sources such as mining,
pesticide industries, tanneries, and fertilizer industries. Also,
Zn is often more commonly detected in water bodies like riv-
ers, wells, and lakes through different nonpoint sources such
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as livestock farms and irrigation fields. Zn metal adversely
affects living organisms due to their persistency, toxicity,
and bio-accumulation. For example, Zn poisoning in the
human body causes dehydration, stomachache, dizziness,
electrolyte imbalance, and nausea.

Therefore, keeping the above points in mind, it was
decided to use biochar as an adsorbent material for sorption
of Zn, which was produced from three different agricultural
residues groundnut shell, wheat straw, and chickpea straw
for different operating conditions using pilot-scale fixed-bed
pyrolysis reactor. The thermal performance of the system
was also carried out. The obtained biochar samples were
characterized using different analytical techniques such as
elementary analyses, fourier transform infrared spectroscopy
(FTIR), and scanning electron microscopy (SEM) analyzer.
Good quality biochar was used for the adsorption of Zn
from wastewater. In the present study, the Zn sorption per-
formance was demonstrated using response surface meth-
odology (RSM) by optimizing different parameters such as
biochar dose, heavy metal concentration, and contact time.
In addition, a mathematical model was also developed under
optimized conditions to understand the systems response.

Material and Methods
Biomass

Groundnut shell, wheat straw, and chickpea straw were col-
lected from the instructional farm of the College of Technol-
ogy and Engineering, Udaipur, India. Which is located at
24° 35' 7" N-latitude, 73° 42" 45" E-longitude, and 582.5 m
above average sea level. The selected feedstock was cleaned,
and particle size was classified into different ranges of parti-
cle size, ranging from 10 to 20 mm, followed by solar drying
for the removal of excess moisture. The biomass feedstocks
were placed in three different airtight containers to restrict
the absorption of atmospheric humidity.

Reagent

Zinc nitrate hexahydrate, Zn(NO;),.6(H,0) was pur-
chased from chemical industry of Udaipur (India). Stock
solution of Zn (1000 mg/L) was prepared by dissolving
Zn(NO;),.6(H,0) in deionized water.

Biochar Production

Biochar produced at higher pyrolysis temperature (> 500 °C)
showed exceptional physicochemical composition in terms
of morphology, surface area, presence of functional groups
[15, 16]. According to Kim et al. [17], biochar produced
at higher temperatures is considered a reliable adsorbent
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material for the sorption process. Therefore, in the pre-
sent study biochar was produced at 500, 550, and 600 °C
by keeping 40—-60 min of residence time using groundnut
shell, wheat straw, and chickpea straw as a feedstock in a
pilot-scale fixed bed reactor. A fixed bed pyrolysis reactor
is a batch-type system mainly composed of a cylindrically
shaped pyrolysis chamber, loading and unloading mecha-
nism, shell, and tube type condenser, heating mechanism,
and control panel. The cylindrical pyrolysis chamber made
of SS 310 has an inner and outer diameter of 0.36 m and
0.46 m respectively, and the height of the chamber was
0.55 m with a biomass handling capacity to be around
3—4 kg/h. The electrical coils were rolled over the pyrolysis
chamber having a 10-kW capacity to achieve desired pyroly-
sis temperature inside the chamber. The pyrolysis chamber
was insulated using a cerawool blanket having a thickness
of 5 mm to minimize the heat losses. In the present study,
K-type thermocouples were placed at different positions to
access the reactor temperature. The temperature control-
ler unit was also coupled with the system to maintain the
desired process temperature during the experiment. Ground-
nut shell, wheat straw, and chickpea straw were fed in the
pyrolysis chamber and maintained anaerobic condition by
using a mounted lid cover. After reaching the desired tem-
perature inside the reactor selected feedstock were pyro-
lyzed for 40-60 min of residence time. Then the reactor
was cooled down for 24 h duration at room temperature.
After cooling at ambient temperature biochar was collected
from the reactor. The mass yield of produced biochar from
groundnut shell (GSB), wheat straw (WSB), and chickpea
straw (CSB) were calculated using the following Eq. (1);
Total mass of biochar produced (kg)

MassYiel = 1
assYield (% ) Mass of biomass (kg) x 100
(H

Characterization of Biomass and Produced Biochar

Elementary analyses (moisture content, volatile matter, ash
content, fixed carbon content, carbon, hydrogen, nitrogen,
and oxygen content), hydrogen to carbon, oxygen to carbon
ratio, and higher heating value of selected biomass feed-
stocks were calculated as per the standard protocol ASTM
D 3175, ASTM D 3172, and ASTM D 3177 as reported
by Vyas et al. [18]. The carbon, hydrogen, nitrogen, and
oxygen contents in produced biochar were determined by
using CHN/S/O elemental analyzer (Perkin Elmer, Series
II, 2400). Surface morphology, porous structure, and the
availability of surface functional groups on the biomass and
its produced biochar surface were determined by using scan-
ning electron microscope (SEM) ZEISS (EVO-18) and fou-
rier transforms infrared spectroscopy (FTIR) SHIMADZU
(84005) analysis respectively.

Experimental Procedure for the Removal of Zn

The desired solution was prepared using 20 ppm concen-
tration of Zn from the stock solution by taking 2 ml of
each Zn solution in a 100-ml volumetric flask and then
filling up with water up to the mark in a volumetric flask.
Similarly, 40 and 60 ppm Zn solutions were prepared for
analysis. Then, the Zn solutions were kept in the conical
flask for proper mixing. The above experimental process
used 1, 2, and 3 g fine biochar doses. The doses of biochar
added to the Zn solution were placed in an Erlenmeyer. A
mechanical shaker was used to properly mix the biochar
and solution at an ambient temperature. After shaking, the
sample was collected out of the shaker and held outside to
achieve stability. The sample was filtered using Whatman
filter paper no. 42. The resulting filtered sample was ana-
lyzed in microwave plasma atomic emission spectroscopy
(MP AES) equipment for the detection of Zn concentra-
tion in the ionic form. The above experiment was carried
out, and the values obtained were considered for RSM
(response surface methodology). After each experiment,
the Zn removal efficiency was determined as follows:

(C) =(C)
(C)

Removal efficiency (% ) = l ] x 100 ?2)

Where
C; = initial Zn concentration in the ppm
C;= final Zn concentration in the ppm

Optimization of Process Variables Through
Response Surface Methodology (RSM)

Using a three-factor, three-level Box-Behnken experi-
mental method, including response surface modeling and
quadratic programming, the optimal condition for optimiz-
ing the adsorption of Zn by biochar was evaluated. The
effects of the biochar dosage (g/L), metal ions concentra-
tion (ppm), and contact time (min) have been analyzed for
this research. Each predictor variables was sequentially
coded as A, B, and C at three levels: — 1, 0, and 1. The
Box-Behnken designs were generated using three central
points for three factors and three levels, comprising fifteen
trials. The experimental range and levels of independent
variables have been presented in Table 1.

Fifteen experiments were performed, as enumerated
in Table 2, for obtaining the percentage of aqueous zinc
removed as responses for each experiment. The responses
for various experimental conditions were connected by a
second degree polynomial equation to the coded variables
(A, B, and C) as described below.
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Table 1 Experimental ranges and levels of independent variables

Variables Code Range and levels
Low level Centre level High level
(=1 0) +1
Biochar dose, (g I™H A 1 2 3
Heavy metal concen- B 20 40 60
tration, (ppm)
Contact time, (min) C 120 240 360

n n n—-1 n
Y =p8,+ Z Bx; + Z Bix; + Z Z Byxix; €
i=1 i=1

i=1 j=i+1

wherever Y, is the constant coefficient of response (i.e. %
decrease in Zn), f3, p;, and f; are. Xi and X; have coded
predictor variables associated exponential to A, B, and C.
In the present experimental study, Design Expert 10.0.3 ver-
sion (State-Ease, Minneapolis, MN) software was used for
designing the experiments. For statistical analysis of experi-
mental results, the same program was used.

A complete second-order quadratic model was imple-
mented to compare the independent processing param-
eters. A second-order polynomial factor was calculated by
multiple regression analysis using a design expert for each
algorithm term. The obtained results of selected models and
regression coefficients were well equipped with the obser-
vational result. For each result, the statistical significance of
the terms in the regression model is tested through a vari-
ance analysis (ANOVA). For judging the appropriateness

and effectiveness of the quadratic model, ANOVA is sig-
nificant. The p values are being used to check the validity of
the coefficients, which, in turn, are important to understand
the pattern of successful interaction between the factors
in the analysis. The magnitude of the p value is inversely
proportional to the related coefficient, as a p value below
0.05 means that the terms of the model are important. R
and Fisher’s test determine the appropriateness of the linear
regression.

The desired objectives were selected for factor and inter-
action. The targets can correspond to any factor or effect.
The possible objectives are enhancing, minimizing, target-
ing, and within range (for responses only). From an econom-
ics perspective, all the independent variables (A, B, and C)
were held in the range while the results viz. The percentage
decline in heavy metals has remained maximized.

Results and Discussion
Elementary Analysis of Biomass

The elementary analyses and higher heating value of
groundnut shell, chickpea straw, and wheat straw were inves-
tigated using different analytical methods and are listed in
Table 3. The elementary analysis of the groundnut shell
indicated that the feedstock has a more volatile matter of
77.87%, while lower moisture, ash, and fixed carbon content
are around 6.78, 4.58, and 10.77%, respectively. A similar
observation was also found for the other two agro residues
in chickpea straw, available volatile, moisture, ash, and fixed

Table 2 Box-Behnken design

- . . Batch Biochar dose, (g 1’1) Heavy metal concentration, Contact time, (min)

matrix with three independent

variables expressed in coded o (ppm)

and uncoded values X, X, (uncoded) X, X, X5 (coded) X3 (uncoded)

(coded) (coded) (uncoded)

1 -1 1 -1 20 0 240
2 1 3 -1 20 0 240
3 -1 1 1 60 0 240
4 1 3 1 60 0 240
5 -1 1 0 40 -1 120
6 1 3 0 40 -1 120
7 -1 1 0 40 1 360
8 1 3 0 40 1 360
9 0 2 -1 20 -1 120
10 0 2 1 60 -1 120
11 0 2 -1 20 1 360
12 0 2 1 60 1 360
13 0 2 0 40 0 240
14 0 2 0 40 0 240
15 0 2 0 40 0 240
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Table 3 Elementary analysis of biomass and biochar

o/C

H/C

Oxygen
©), %

Nitrogen

N), %

Hydrogen
H), %

Fixed carbon, HHV, MJ/kg) Carbon (C),
(%)

Volatile matter, Ash content,

(%)

Moisture

Biomass

Sr. no

%

(%)

content, (%)

sample

1.29+0.01 0.64+0.01

42.80+0.55

+ 0.6+0.01

16.23+0.54 50.12+1.17 5.41+0.04

6.78+0.2 77.87+0.17 4.58+0.01 10.77+0.2

Groundnut
shell

1.30+0.01 0.65+0.01

42.31+£0.68

+ 10.86+0.1 15.21+0.23 48.10+1.10 5.23+0.02 0.4=+0.01

11.52+0.2

68.91+0.15

8.71+0.1

Chickpea

straw
Wheat straw  9.18 +0.1

041+0.01 40.32+0.41 1.44+0.01 0.70+0.01

+ 7.9+0.02 16.8+0.1 14.74+0.14 43.14+1.12 5.21+0.01

66.12+0.14

Parameters

Biochar

o/C

Oxygen (O), H/C

Nitrogen

Hydrogen (H), %

Carbon (C), %

%
21.80+0.55 0.19+0.01

(N), %
1.70+0.01
1.58+0.01
1.30+0.01

0.31+£0.02
0.44+0.02
0.84+0.03

0.35+£0.01
0.38+£0.01
0.48+£0.01

28.76+0.24 0.23+0.01

1.21+£0.03

75.29+1.17
68.30+1.14

GSB 600 °C

0.21+0.01

44.09+0.31

1.36£0.04
0.97+0.01

53.64+1.21

CSB 600 °C

WSB 600 °C

carbon content were found to be around 68.91, 8.71, 11.52,
and 10.86%, while in wheat straw biomass, 66.12,9.18, 7.9,
and 16.8%, respectively. More volatile matter in selected
feedstock justifies that all crop residues are more suitable
for biofuel production because of their rapid devolatilization
rate during pyrolysis. Similarly, lower moisture content was
found in all feedstock, indicating thermal uniformity dur-
ing the carbonization process. The higher heating value of
groundnut shell, chickpea straw, and wheat straw was around
16.23, 15.21, and 14.74 MJ/kg, which was very analogous
to other agro residues [19, 20].

The elementary analyses results indicate that all three
biomass feedstock, groundnut shell, chickpea straw, and
wheat straw, contain a higher percentage of carbon to be
around 50.12, 48.10, and 43.14%, with oxygen content to
be about 42.80, 42.31, and 40.32%, while less percentage
of hydrogen about 5.41, 5.23, and 5.12%, whereas the neg-
ligible percentage of nitrogen about 0.6, 0.40, and 0.41%
were recorded in groundnut shell, chickpea straw, and wheat
straw, respectively. The less percentage of nitrogen and sul-
fur in selected biomass feedstock results in less emission of
SOx, and NOx in the atmosphere. The H:C and O:C ratio for
groundnut shell, chickpea straw, and wheat straw was also
reported in Table 3.

Mass Yield

It was observed (Supplemental Figure S1) that for all bio-
mass feedstock, maximum biochar yield was recorded for
500 °C, followed by 550 °C, and 600 °C. The biochar yields
at 500, 550, and 600 °C were estimated at 35.7, 31.08, and
28.57% for groundnut shells; 33.14, 31.5, and 27% for chick-
pea straw, and 37.71, 36.28, and 35.25% for wheat straw
biomass respectively. The obtained results are well sup-
ported by Sun et al. [21]. It was observed that, as pyrolysis
temperature increased, the biochar yield diminished, but the
produced biochar at higher temperature showed excellent
physicochemical composition, surface morphology. Rehrah
et al. [22] also reported that the physicochemical composi-
tion of the biomass feedstock has a direct impact on the
quantity and quality of produced biochar.

It is evident from (Supplemental Figure S1) on increas-
ing the operating temperature; the biochar yield was signifi-
cantly reduced. In biomass pyrolysis, up to 110-150 °C mass
loss was took place due to the evaporation of moisture, while
above 150 °C biomass starts breaking down, and because of
degradation of cellulose and hemicellulose, it turns down
into vapour containing gas mixed organic substances. While
lowering the biochar yield at maximum pyrolysis tempera-
ture is possibly due to the decomposition of more organic
compounds at higher pyrolysis temperature. Ahmad et al.
[15] also stated that biochar yield decreased from 37 to 22%
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with a temperature rise from 600 to 700 °C due to lignin and
cellulose degradation in the raw material.

Characterization of Biochar

Physicochemical properties of biochar are mainly varying
considerably with biomass feedstock and operating condi-
tions like pyrolysis temperature, residence time, and heat-
ing rate. Biochar characteristics such as larger surface area,
micro, and mesoporous structure, highest pH, more carbon
and hydrogen content, and greater availability of surface
functional groups (O—H and C=C/C=0) can favor maxi-
mum Zn adsorption capacity from aqueous solution [23].
Therefore, in the present study, to understand the efficacy
of biochar for Zn adsorption, the physicochemical charac-
terization of produced biochar from wheat straw, chickpea
straw, and groundnut shell in terms of elementary analysis,
surface morphological, and FTIR analysis were carried out
and reported as follows:

Elementary Analysis of Biochar

The physicochemical properties of biochar are mainly
dependent on biomass feedstock, pyrolysis temperature,
and residence time [24]. In the present study, pyrolysis
temperature showed a significant influence on biochar yield
and its basic composition. Elementary analysis of biochar
indicates that all biochar contains maximum availability of
total carbon ranging between 53.64 and 75.29% (Table 3).
Further, hydrogen, nitrogen, and oxygen content in all bio-
char samples were in the range of 0.97-1.36, 1.30-1.70, and
21.80-44.09%, respectively. These results are consistent
with the previous findings by Sun et al. [21]. The results also
revealed that as pyrolysis temperature raised, the available
total carbon content also increased, whereas lowering the
percentage of hydrogen and oxygen resulted in a reduction
in the molar concentration of H/C, O/C, and (O+ N)/C. The
cation exchange capacity of biochar indicates the negative
charge load on its surface, which plays an important role in
the adsorption process [25]. More cation exchange capacity
in biochar is due to the availability of organic compounds
that result in a higher O/C ratio in biochar.

The O/C ratio for GSB, CSB, and WSB at 600 °C were
found to be around 0.35, 0.38, and 0.48, respectively, show-
ing that WSB 600 °C have more O/C ratio as compared to
other biochars. The H/C ratio of biochar denotes its aro-
maticity [26]. The GSB, CSB, and WSB 600 °C possess a
molar H/C concentrations were 0.19, 0.23, and 0.21, respec-
tively. The obtained results justified that produced biochar
samples at a higher pyrolysis temperature of about 600 °C
were completely carbonized, referred to as amorphous bio-
char. whereas the polarity index indicator, the (O + N)/C,
was found minimal in all biochars obtained at 600 °C.
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Scanning Electron Microscope (SEM) Analysis

The SEM analysis was employed to identify the surface
morphology difference between the precursor material and
produced biochars. The SEM morphology of groundnut
shells, GSB 500, GSB 550, and GSB 600 °C are shown in
Fig. 1a—d. From these figures, it was observed that the sur-
face morphology of the groundnut shell was smooth before
carbonization. In contrast, the rough and porous structure
was observed in biochars after pyrolysis. The pores observed
in these biochar structures are typically large micro and
mesopores, which act as a passage for adsorbates to the
micro-porous system present on the cell walls. As carboni-
zation proceeds and more volatile material is removed, the
GSB 600 °C shows a better pore structure than GSB 500 and
GSB 550 °C. The pore volume of groundnut shell biochar
was found to increase from 0.027 to 0.17 cm®/g with an
increase in pyrolysis temperature. According to Thommes
et al. [27], the surface morphology of biochar suggests micro
and mesoporous structures. Similar morphology was also
reported by Ahmad et al. [28], Nascimento et al. [29], and
Possa et al. [30] for groundnut shell, wood sawdust, and
sewage sludge biochar samples.

The obtained results from Fig. 2a—d, indicate the sur-
face structure of chickpea straw biochars, which was mainly
affected by pyrolysis temperature. For chickpea straw, a non-
porous fibrous morphology was observed. It is a sponge-like
layered surface for all biochars with interconnected channels
processed at different temperatures. The porous structure
was developed during pyrolysis due to the degradation of
cellulose and hemicellulose. In addition, the decomposition
of lignin at elevated temperature, which enables the carbon
composition to burn off, resulted in a more porous texture.
The pore volume of chickpea straw biochar was recorded
between 0.017 and 0.10 cm?/g, indicating its mesoporous
structure. A mesoporous structure for chickpea straw derived
biochar was also observed in previous literature as reported
by Nazari et al. and Tasim et al. [31, 32], respectively.

From Fig. 3a—d, it is observed that the surface morphol-
ogy of wheat straw was found to be an irregular structure
with a smooth surface, whereas it was found to be porous
and rough morphology with different diameters for all
obtained biochars. As pyrolysis temperature increased from
500 to 600 s°C, the pore volume was also found subse-
quently improved from 0.04 to 0.21 cm?/g indicating meso
and microporous structure of biochars. Interestingly, biochar
derived at 600 °C showed a micro-porous honeycomb-like
morphology, and lots of nanoholes were found on its surface.

SEM analysis revealed that all biochars had a uniform
porous structure with a wide availability of pores than raw
material. The micro and mesoporous structure of biochars
produced at higher pyrolysis temperature show more sorp-
tion sites and strong pore filling affinity for Zn adsorption



BioEnergy Research (2023) 16:457-471

Fig.1 SEM images of a
groundnut shell, b GSB 500 °C,
¢ GSB 550 °C, and d GSB

600 °C

[33]. Additionally, the micro and mesoporous structure of
biochar facilitate the transformation of Zn between the pores
and results in an increase in adsorption capacity [34]. As
compared to other biochar materials, wheat straw-derived
biochar showed a good surface morphology in terms of
its microporous structure, the honeycomb-like structure
obtained at a pyrolysis temperature of 600 °C.

Fourier Transforms Infrared Spectroscopy (FTIR) Analysis

FTIR spectra of groundnut shell and its biochar samples
obtained at 500, 550, and 600 °C are shown in Fig. 4.
From Fig. 4, it was evident that a broad peak between
3000 and 3300 cm™! is occurred because of C-H stretch-
ing vibrations of lignocellulosic components present in
groundnut shell biomass [35]. These peaks were slightly
reduced in obtained biochars as pyrolysis temperature
increased, justifying the degradation of structural com-
ponents of the groundnut shell feedstock [36]. C=0 and
C =C double bond stretching vibrations could be allo-
cated to the peak at the 1750 — 1570 cm™! band in the
feedstock and produced biochar [37]. Groundnut shell has
a strong peak at about 2331 cm~! which corresponds to

strong C =C stretching vibrations [38]. The -COO- bond
stretched carboxylate vibration was directly linked to a
prominent band at 1070 cm™' [39]. At 1750-1570 cm™},
GSB 600 °C displayed greater bond stretching vibrations
than GSB 500 and 550 °C. Based on the above results, it
was concluded that obtained biochar samples at higher
pyrolysis temperature showed a more carbonaceous struc-
ture with an extremely cross-linked channel matrix.

Similarly, for chickpea straw biomass and biochars, as
shown in (Supplemental Figure S2), a broad peak of about
3300 and 3400 cm™! for feedstock was due to the asymmet-
ric distension of the O—H bonds by the water derivatives.
C-O stretching vibrations for all samples were observed
at a band spectrum of about 1000 cm™". In the 1440 cm™!
area, the wavelength indicates the bending vibration of the
C-H groups of alkanes [31]. While for biochar samples,
peaks observed at 1500 and 1600 cm™! were attributed
to vibrations of C=C aromatic ring bending, which also
appeared for spectra between 756 and 586 cm™! by a nar-
rower band [40]. The wavelength observed in all biochar
specimens at 1559 cm! confirmed the stretching and ten-
sile motions of the functional group amines (— NH).
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Fig.2 SEM images of a chick-
pea straw, b CSB 500 °C, ¢
CSB 550 °C, and d CSB 600 °C

Figure 5 shows the availability of functional groups for
different wavelengths of wheat straw biomass and its bio-
chars. The bands around 3500 and 3300 cm™' and among
1650 and 1600 cm™! were directly linked to — OH stretch-
ing and water distortion. The peaks were assigned as the
—CH stretched at 3026 cm™!, as well as the peaks were
detected as the C—O stretching of monosaccharides at 1260
to 1000 cm™' [41]. In WSB 500, 550, and 600 °C, aliphatic
CH, stretching from cellulose, hemicellulose, or lignin and
fatty acids available in the biomass were assigned to bands
at 1435 and 2948 cm™! [42]. In carboxylic and ester groups,
certain bands reflect extends due to C=0 (1790 cm - 1),
C=C, and C=0 in aromatic rings (1560 cm‘l), COOH, and
CHO at 1435 cm™' [43, 44].

Based on the FTIR spectra of all selected biomass and
its obtained biochar samples, it was observed that a peak
obtained at 2920 cm™! for all biomass samples showed
asymmetric and non-symmetric C—H stretching vibrations of
aliphatic acids. However, as pyrolysis temperature increased
from 500 to 600 °C of the peak was slightly disappeared,
justifying the development of the aromatic structure of

@ Springer

biochar, which was compatible with Zn adsorption. A con-
densed aromatic structure was occurred in high temperature
biochars mainly due to the complete thermal cracking of
cells, hemicelluloses, lignin, and proteins available in bio-
mass at higher pyrolysis temperature. Additionally, avail-
able functional groups on biochar surface obtained at higher
pyrolysis temperature of 600 °C such as carboxylic acid,
amines, phenol, and some alcohol based functional groups
that play a remarkable role in Zn adsorption or cation and
anion sorption capacity of biochar. Also, biochar produced
at higher pyrolysis temperature showed the presence of car-
bonyl, carboxylate, hydroxyl, and phenolic groups, which
may improve the specific metal binding capacity.

Screening of Biochar for Removal of Zn

Based on the above results, superior biochar was selected
according to its physicochemical composition, morphology,
and availability of functional groups for the adsorption or
removal of Zn. Among the different temperatures like 500,
550, and 600 °C, biochar produced at 600 °C from all the three
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Fig.3 SEM images of a wheat
straw, b WSB 500 °C, ¢ WSB
550 °C, and d WSB 600 °C

Fig.4 FTIR spectra of ground-
nut shell and its biochar pro- Groundnut
duced at different temperatures
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Fig.5 FTIR spectra of wheat al
straw and its biochar produced Bl Wheat
srtaw

at different temperature 1
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feedstock showed well-developed porous structure and wide
availability of functional groups; therefore, maximum tem-
perature condition of 600 °C was considered more appropriate
for the adsorption process. The initial screening of 40 ppm
Zn solution on GSB, CSB, and WSB produced at 600 °C was
studied. The experimental layout for the selection of biochar
is listed in (Supplemental Table S1). A solution consisting of
40 ppm Zn and 2 gm of GSB, CSB, and WSB was incubated
for 240 min at ambient temperature. Among all selected bio-
chars, WSB prepared at 600 °C demonstrated 78% removal
of Zn (Supplemental Table S1). Therefore, all the remaining
optimization investigations are thus carried out using wheat
straw biochar produced at 600 °C.

Optimization of Process Parameters for the Removal
of Zn

To achieve optimum removal performance, it is necessary
to optimize the process parameters such as biochar dosage,
heavy metal concentration, and contact time for the removal
of Zn from an aqueous solution. Taking three variables, three
level Box-Behnken experimental designs combined with
the design of the experiment, the acceptable configuration
of ideal conditions for maximum removal of Zn by wheat
straw derived biochar was established. As per Box-Behnken
design, 15 experiments were performed as listed in Table 2
for obtaining the percent reduction in Zn as responses for
each test as shown in (Supplemental Table S2).

Regression Models and the Effect of Parameters
on the Removal of Zn

The method of Zn adsorption from the aqueous solution was
based on the dosage of biochar, the concentration of heavy

@ Springer
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metal, and the contact period. Therefore, using the response
surface technique, these process parameters were optimized.
A polynomial function of the second-order [Eq. (2)] was
equipped with the observational data provided in (Sup-
plemental Table S2). Equation (3) indicates the expected
percent removal of Zn, percent as a component of biochar
dosage (A), the concentration of heavy metals (B), and treat-
ment time (C) represented in the coded form.

The quadratic model was adapted to acquire the observa-
tional results, whereas the statistical significance of Zn was
calculated as shown in Table 4. The R* value was calculated
and observed to be 0.999 for Zn by the least square method,
indicating a good fit of the model to the results. For Zn, the
model F value of 799.23 is indicating that the design was
acceptable (P <0.01). There was an important linear term
(A, B, and C) for Zn (P <0.01). The lack of fit F value was
not significant, which suggested that the model built was
adequate for the approach to be expected. Furthermore, with
an optimized R* of 0.998 for Zn, the expected R* of 0.995
was the suitable standard. It is indicated that the words of
non-significance are not included in the model. This model
could therefore be used to traverse the design area.

The findings of the variance analysis (ANOVA) demon-
strated that the linear and quadratic terms of the biochar
dosage, concentration of heavy metals, and contact time for
Zn extraction were relevant at the 1% stage. Although the
biochar dosage and heavy metal concentration interaction
effects and the biochar dosage and contact time were also
significant at the 1% level, the heavy metal concentration
and contact time interaction were extremely considerable
at the 5% level. The comparable impact of each factor on
the removal efficiency of Zn is determined by the F values
of the ANOVA functions as listed in Table 4. The higher
F values indicated that biochar dose (F'=3221.84) was the
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Table 4 Analysis of variance for percentage removal of Zn

Table 5 Optimization criteria for different process variables and
responses for removal of Zn

Source Sum of squares df Mean sum of F value
squares Parameter Goal Lower limit Upper limit
Model 5595.60 9 621.73 799.23%* Biochar dose, (gm) Range 1 3
A 2506.32 1 2506.32 3221.84%* Heavy metal concen-  Range 20 60
B 1902.52 1 1902.52 2445.67+* tration, (ppm)
C 149.56 1 149.56 192.26%* Contact time, (min) Range 120 360
AB 606.88 1 606.88 780.14%* Removal of Zn, (%) Maximize 26.38 96.85
AC 39.38 1 39.38 50.62%%*
BC 5.20 1 5.20 6.68%*
gj ?273?1 1 ?273?1 ;ﬁ;g:: would be With'in the economic context for the max}mym
: : ) percent reduction of Zn [45]. Table 5 shows the optimiza-
c? 181.57 ! 181.57 233417 tion criteria for different process variables and responses for
Residual 389 > 0.78 the removal of Zn. To optimize the process parameters for
Lackof fit 1.28 3 0.43 0.33 ns the percentage removal of Zn by optimization algorithms,
Pure error - 2.61 2 131 which finds a point that maximizes the desirability func-
;;r total (5)599999':9 14 tion, all three control parameters (biochar dose (A), the con-
. ’ centration of heavy metals (B), and the contact period (C)
Adj R 5 0.9981 and first response (percent removal of Zn) were given equal
Pred R 0.9953 importance of ‘3. At a random reference point, the target
Std. dev 0.88 setting progresses and continues up the highest slope on the
Igi]anly Zozég response interface for Zn’s highest percentage withdrawal
V. % .

most influencing parameter followed by heavy metal con-
centration (F'=2445.67) and contact time (F=192.26). The
regression calculation showing the effect of process param-
eter on percent removal of Zn in real terms of biochar dose
(A), heavy metal concentration (B), and contact time (C) can
be given by following Eq. (4)

Y,, = 179.395 — 33.43A — 3.2331B — 0.231C + 0.6158AB + 0.0261AC

—0.0047BC + 5.055A% + 0.0168B> + 0.0048C* @)

In the present study, the sign and the magnitude of the
coefficient mainly describe the significance of the conse-
quence of the variables. Negative linear terms indicated a
decrease in the reduction of Zn, but the presence of positive
interaction terms between the biochar dosage and the concen-
tration of heavy metals, the biochar dosage, and the time of
contact of the process suggested that a rise in their levels also
increased the reduction of Zn [Eq. (4)]. The positive values of
quadratic terms of biochar dosage, the concentration of heavy
metals, and the contact period indicated that higher values of
these parameters increased the removal of Zn.

Numerical Optimization of Process Variables

The parameters were defined in such a way that the inde-
pendent features, such as the biochar dose (A), the con-
centration of heavy metals (B), and the contact period (C),

level.

The optimum conditions thus obtained for biochar dos-
age, the concentration of heavy metals, and the contact
period were 2.90 gm, 22 ppm, and 309 min correspond-
ingly. The percentage removal value for Zn was recorded
to be around 97.16%, referring to those values for process-
ing parameters. One of the important aims of the current
research is to verify the result of optimized process param-
eters based on RSM. Biochar doses of 3 g/L, heavy metal
concentrations of 22 ppm), and contact times of 310 min
were used for the individual run. Within a variance of
2% that confirmed the design, the percentage removal Zn
obtained was reasonable.

Three-Dimensional Response Surface Plots

Response surface plots represent three-dimensional
descriptions of the reactions, which provide a straight-
forward assessment of the impact of the two or more
variables. Three-dimensional surface plots (Fig. 6a—c)
were developed for the fitted model as a function of
two variables to represent the collective effect of two
parameters on the reduction of Zn, whereas the third
variable, was at its central value. A point in these
graphs can evaluate the ideal values of variable factors.

Impact of the Biochar Dose The adsorbent dose is one

of the significant parameters which affect the adsorption
process [46]. This is an essential factor since it determines
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Fig.6 Three-dimensional
surface plots of the combined
effect of the a biochar dose and
heavy metal concentration, b
heavy metal concentration and
contact time, and ¢ biochar dose
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the potential of an adsorbent for a known input adsorb-
ate concentration [47]. The experimental results with
different adsorbent doses are listed in (Supplemental
Table S2). The plot (Fig. 6a) for a combined effect of
biochar dose and heavy metal concentration at constant
contact time (240 min) shows that at any fixed contact
time, the removal percentage increases with increasing
biochar dose. The extraction percentage was reported,
gradually increasing from 26 to 97% for Zn with a dos-
age increase between 1 and 3 g/L. The improvement in
the adsorbent dose causes an increase in the extraction of
Zn percent. The reported pattern is attributed to increased
accessibility of binding sites with higher dose levels.
However, as the binding sites were depleted, the extrac-
tion of Zn was decreased or stayed unchanged (Fig. 6a).
Similar findings were reported by Tsai and Chen [48],
where the authors revealed that the majority of adsorption
sites were increased by the rise in adsorbent dosage (i.e.,
0.10-0.30 g/L).

Influence of Heavy Metal lons Figure 6b shows the com-
bined effect of heavy metal concentration and contact time
on the uptake of Zn by WSB. Percent removal was plot-
ted as a function of heavy metal concentration to analyze
the influence of the initial Zn concentration from 20 to
60 ppm. As a rise in heavy metal concentration up to a cru-
cial point of 21 ppm, it was elevated and then either bal-
anced off or reduced. This may be due to the accumulation
of the biochar's metal binding sites, and the rate balanced
at a 20-23 ppm heavy metal content. A similar trend agrees
with Liu and Zhang [49]. It was investigated that the contact
time for 95% removal equilibrium was less than 5 h in the
concentration range of 10-20 ppm for pinewood and rice
husk derived biochar.

Influence of Contact Period As a function of contact time,
the percentage elimination of Zn was assessed. With an
increase in contact time (1-3 h), the Zn elimination rate
was found to be increased from 26 to 97% (Fig. 6¢). Moreo-
ver, primarily due to the greater surface area of the adsor-
bent being available at the time, the rate was significantly
greater. After a contact time of 4 h, the saturation rate for
Zn removal was reached. A similar result was also reported
by Pellera et al. [50]. The initially rapid rate of adsorption
within the first few minutes of interaction was followed
by a relatively slow one before the equilibrium state was
achieved, according to Pellera et al. [50]. This was due
to the presence of abundant vacated active biochar sites,
although these active sites were progressively saturated
over time during adsorption. The time required to achieve
balance, on the other hand, was roughly 2—4 h, with no

noticeable effect as the contact time increased by up to
24 h. Nazari et al. [31] stated that high specific surface area
and pore volumes encourage metal transformation between
biochar pores and ultimately increase metal adsorption, and
this process occurred in the present investigation for wheat
straw derived biochar.

Conclusion

The present study investigated the physicochemical char-
acterization of biochar derived from wheat straw, chick-
pea straw, and groundnut shell, where the effectiveness of
wheat straw biochar was assessed for Zn adsorption from
an aqueous solution. Wheat straw biochar produced at
higher pyrolysis temperature (600 °C) showed the high-
est Zn removal efficiency from aqueous solution might be
due to its salient features such as microporous structure,
carbon content, oxygen to carbon ratio, and greater avail-
ability of surface functional groups. Zinc adsorption is
significantly influenced by all three investigational param-
eters namely biochar dosage, heavy metal concentration,
and contact period. The obtained findings concluded that
wheat straw biochar has great potential for zinc removal
from an aqueous solution. whereas biochar derived from
groundnut shells and chickpea straw can be used for the
soil remediation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12155-022-10471-9.
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