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Abstract—Porous activated biocarbon from Ravenna grass was utilized as an adsorbent for the removal of 4-Nitro-
phenol from aqueous solution. Chemical activation process using potassium hydroxide was adopted for the activated
biocarbon preparation. The essential features of the prepared adsorbent represented by BET surface area, pore volume
and pHypc were 919 m’g ™, 0.324 cm’g" and 8.1 respectively. SEM, FTIR, XRD and TGA analysis revealed the micro-
crystallite and porous structure of the synthesized biocarbon with abundant functional groups and high thermal stabil-
ity. Batch adsorption tests were conducted for 4-Nitrophenol adsorption, and the optimum adsorbent dose, pH, initial
4-Nitrophenol concentration and contact time were found to be 0.5 g, 7, 400 mgL™" and 40 minutes, respectively. The
equilibrium isotherm study revealed the suitability of the Langmuir isotherm with a maximum adsorption capacity of
50.89 mg/g. The pseudo-second-order kinetic model well represented the adsorption kinetics data, while thermody-
namics study indicated the spontaneity (AG<0) and endothermic nature (AH>0) of the adsorption of 4-Nitrophenol.
Density functional theory (DFT) calculations performed at the B3LYP level indicated that the interaction of 4-Nitro-
phenol with pristine and functionalized activated biocarbon is favorable.
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INTRODUCTION

The generation and discharge of wastewaters have increased
drastically in recent years, limiting the availability of save and clean
drinking water. Large quantities of wastewater containing toxic pollut-
ants are generated from difterent types of industries, and the greatest
environmental challenge is the removal of these harmful pollutants
from wastewaters. Phenolic compounds constitute a major group
of hazardous pollutant, and among them, 4-Nitrophenol is consid-
ered as one of the priority pollutants since its presence in even
minute concentrations can bring serious harm to human beings,
animals and aquatic systems [1]. The main cause of pollution by
4-nitrophenol in waterbodies is the untreated effluent discharged
from different types of industries such as oil refineries, pharmaceu-
ticals, textiles, steel mills, petrochemicals, plywood industries, insecti-
cides production unit, coke processing units, resin plants, pulp and
paper industries, among others [2]. Human contact with 4-Nitro-
phenol can leave acute as well as chronic impacts, such as vomit-
ing, sore throat, kidney damage, liver and gastrointestinal tract, dif-
ficulty in swallowing, skin and eye irritation, cardiovascular diseases,
protein degeneration, central nervous system disorder, salivation,
anorexia, fainting, tissue erosion, muscle weakening, and vertigo
[3-6]. Therefore, it is very much necessary to treat wastewater loaded
with 4-Nitrophenol before releasing into water bodies. Over the
years, extensive research has been going on to address the issue, and
several conventional and advanced technologies have been adopted
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for the safe treatment of wastewater containing 4-Nitrophenol. These
include adsorption and extraction [7,8] distillation [9,10], mem-
brane processes [11,12], electrochemical oxidation [13,14], chemi-
cal oxidation [15,16], advanced oxidation process [17-20], biological
treatment [21,22] and enzymatic treatment [23,24]. Among all the
available methods, adsorption using activated biocarbon remains
as one of the best choices because of its efficiency and ability to
remove not only one but all types of phenolic compounds from
wastewater. The multifaceted characteristics of activated biocarbon
such as high surface area, good thermal stability, large pore volume,
abundant surface functional groups, lack of production of second-
ary by-products, simple design and easy operation make them one
of the most prolific adsorbents. This versatile adsorbent can be
synthesized via physical activation, chemical activation and physi-
cochemical activation [25]. Although activated biocarbon has its
many advantages, the utilization of fossil-based precursors or coal
in the production of commercial activated carbon increases the cost.
Therefore, this has prompted many researchers to use alternative,
cost-effective raw precursors to counteract the limitations of com-
mercial activated carbon. Over the years, many low cost activated
biocarbons have been produced and used for a wide variety of appli-
cations. For example, hazelnut shell derived activated carbon was
utilized for the removal of tetracycline antibiotics [26], corn-cob
based nitrogen-doped activated carbon was used for high energy
hybrid supercapacitor [27], Sulfonated activated carbon from cof-
fee residue was used for esterification as a green catalyst [28]. Mul-
lick et al. synthesized low-cost rice husk-based activated carbon for
the hexavalent chromium removal [29], You et al. used hazelnut
shell derived activated carbon as binding agents in DGT samplers
for sampling and measurement of nitrophenols in wastewater [30].
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Certain reports are also available indicating the utilization of cost-
effective activated biocarbon for the adsorptive removal of pheno-
lic compounds, such as 4-Nitrophenols [3,31-35], which provides
an impetus for further study in this area. These adsorption experi-
ments have been found to depend on factors such as the nature of
the activated biocarbon and adsorption conditions. In recent years,
various attempts have also been made to comprehend the adsorp-
tion process theoretically through density functional theory (DFT).
Numerous studies relating to the theoretical understanding of ad-
sorption interactions of various pollutant such as phenol [36], H,S
[37], mercury [38], CO, [39], bisphenol A [40], SO, [41] with acti-
vated carbon using DFT have been reported. The application of
DFT in adsorption studies would provide a clear understanding of
the adsorption phenomenon under study. However, almost no work
has been reported on the theoretical studies of the interaction of
4-Nitrophenol with activated biocarbon. Therefore, an attempt has
been made in this study to understand the possible interactions
taking place between 4-Nitrophenol and the activated biocarbon
surface during the adsorption process. Such studies would not only
improve our understanding of the bonding and reactivity between
the adsorbate and adsorbent but also help in designing an effec-
tive adsorbent for 4-Nitrophenol removal.

Thus, keeping all this in mind, the present study focussed on
the preparation of cost-effective activated biocarbon from an inva-
sive grass-Ravenna grass through chemical activation method. Sev-
eral analytical techniques were used to examine the morphological
characteristics of the activated biocarbon. Batch adsorption stud-
ies of 4-Nitrophenol were carried out to test the efficacy of the
prepared carbon and the experimental data were fitted to adsorp-
tion isotherm and kinetics models. Theoretical calculations using
DFT were employed to understand the interaction of 4-Nitrophe-
nol with pristine and functionalized activated biocarbon.

The novelty of the present work lies in the conversion of an inva-
sive and noxious grass-Ravenna grass into a low-cost activated
biocarbon and its effective application in the removal of toxic 4-
nitrophenol from aqueous solution. In addition, theoretical calcu-
lations using DFT provided an understanding of the possible inter-
action of 4-Nitrophenol with the activated biocarbon. DFT studies
also provided an insight into the effect of different functional groups
such as OH, CHO and COOH on the adsorption process. Such
studies help in selecting the appropriate chemical activating agent
to modify the carbon surface so as to obtain the maximum adsorp-
tive removal of 4-Nitrophenol.

MATERIALS AND METHOD

1. Ravenna Grass Activated Biocarbon Preparation

The raw material Ravenna grass was collected locally (26°1623'N|
94°27'55"E). The whole plant was used for the production of acti-
vated biocarbon. The biomass was washed and placed in an oven
at 110°C for 12hours. The dried biomass was carbonized at
400 °C for 1 hour, and the obtained char was further ground into a
uniform fine powder. The powdered char was further subjected to
chemical activation using KOH as the activating agent. For chemi-
cal activation, 20 g of the powdered char was added to 250 ml of
IM potassium hydroxide solution (KOH), and the contents were

December, 2019

magnetically stirred at 600 rpm for 3 hours at room temperature.
The contents were then allowed to dry in an oven at 110°C, and
subsequently, the KOH impregnated char was activated at 700 °C
for 1 hour using a muffle furnace at 10 °C min™" heat flow rate. The
sample was then rinsed with 0.1 M HCI and deionized water to
attain a neutral pH and dried at 105 °C to obtain the Ravenna grass
activated biocarbon (RABC).
2. Characterization of Ravenna Grass Activated Biocarbon

The physicochemical features of Ravenna grass activated biocar-
bon (RABC) were characterized by different analytical techniques.
The surface area and pore volume of RABC were examined by
Brunauer, Emmet and Teller (BET) analyzer (Smart instrument,
§593/02). Field-emission scanning electron microscopy (FESEM)
was used to analyze the surface characteristics of RABC (FESEM,
Model: ZEISS SIGMA MAKE: Carl ZEISS Microscopy, Germany).
Thermogravimetric analysis (TGA-Perkin Elmer/STA-3000) was
used to understand the thermal stability of RABC, while Fourier
transform infrared spectroscopy (Spectrum Two, Perkin Elmer) helps
in determining the various functional groups of RABC. XRD analy-
sis was done using CuKe radiation at the scan rate of 0.2 degrees/
minute (Rigaky-Ultimaiv Japan). The zero-point charge was deter-
mined by batch equilibrium test for activated carbon [42].
3. Batch Adsorption Study of 4-Nitrophenol

The efficiency of RABC to remove 4-Nitrophenol from aque-
ous solution was studied by batch mode equilibrium method. The
effects of contact time, pH, initial concentration of 4-Nitrophenol,
and adsorbent dose on the removal efficiency of 4-Nitrophenol by
RABC were studied. For the batch study, 50 ml of 4-Nitrophenol
solutions of different concentrations (100-500 mgL™") and pH rang-
ing from 2 to 12 were contacted with different quantities of adsor-
bent dose (0.1-1g). The mixtures were taken in a 250 ml Erlen-
meyer Flasks and agitated at 180 rpm at a temperature of 25+2 °C
for different contact time (0-180 minutes). The samples were then
filtered, and the residual filtrate concentration of 4-Nitrophenol
was analyzed using UV-VIS spectrophotometer (Perkin- Elmer
lambda-35) at 317 nm wavelength. All the experiments were done
in triplicate, and the average value of the three readings was re-
ported. The adsorption capacity of 4-Nitrophenol and removal effi-
ciency was determined by Egs. (1) and (2), respectively.
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where, q, (mg/g) is the amount of 4-Nitrophenol adsorbed per unit
mass at equilibrium, C, (mg/L) is the initial concentration of 4-
Nitrophenol, C, (mg/L) is the equilibrium concentration, m (g) is
the mass RABC and V (L) is the volume of the solution.
4. Adsorption Isotherm Models

The equilibrium adsorption behavior of 4-Nitrophenol onto the
prepared RABC was investigated by Langmuir, Freundlich and
Temkin adsorption isotherm models. The linear form of the mod-
els is given by Egs. (3), (4) and (5), respectively.
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logq,=logK+ %logCe (4)
RT RT
q.= lenCe+ lenAT (5)

where, C,=4-Nitrophenol concentration at equilibrium (mg L),
g.=adsorption capacity of RABC at equilibrium (mg g), q,,=
maximum adsorption capacity (mg g '), K, =Langmuir isotherm
constant (L mg "), n=Freundlich adsorption intensity, K;=Freundlich
constant (mg g ') (L mg )", by=constant corresponding to heat
of adsorption (k] mol '), Ay=Temkin isotherm constant (L mg "),
R=universal gas constant (8.314] mol ' K'') and T=Temperature
(298 K).
5. Adsorption Kinetic Models

An experiment similar to equilibrium adsorption studies was
done to study the kinetics of 4-Nitrophenol adsorption onto the
RABC. For this study, 0.5g of RABC was added to 50 ml of 4-
Nitrophenol solution, and the mixture was agitated at a speed of
180 rpm for different time intervals at room temperature. Small
amount of solution was taken at different time intervals and fil-
tered, and the filtrate concentration at each interval was measured
using a spectrophotometer. The kinetics of the adsorption of 4-
Nitrophenol was studied by fitting the obtained experimental kinet-
ics data to pseudo-first-order and pseudo-second-order model.
The linearized form of the two models is given in Eqs. (6) and (7),
respectively.

K

log(q,~q))=logq, ~ 5=t ©)
1.1 )
4 kq

where, q,=adsorption capacity at equilibrium (mg g '), g,=adsorp-
tion capacity of RABC at time t (mg g '), k;=pseudo-first-order-
rate constant (min"), k,=pseudo-second-order rate constant (g
mg ' min"").
6. Chi-squared Test

The selection of the best-fitted isotherm and kinetics model to
the experimental data was validated by Chi-squared test (). The
Chi-squared test is the sum of the squares of the differences between
the experimental data and calculated data [43]:

n ( e(exp) — Ye(ca )2
lzzzi:l e(exp) ~ De(eal) ®)
qe(cal)

The y* will be a small number, if the data calculated from vari-
ous isotherm and kinetic models goes in line with the experimen-
tal data, whereas the ° will be a large number if the calculated
data varies from the experimental data.

7. Theoretical Study of 4-Nitrophenol Adsorption onto RABC

All the necessary theoretical calculations pertaining to the under-
standing of adsorption of 4-Nitrophenol onto RABC were carried
out on Gaussian 09 [44] suite of programs. Density functional the-
ory was implemented because of its simplicity and computational
efficiency. The geometry optimization as well as frequency and
energy calculations were performed at 6-31 g basis set and B3LYP
hybrid functional in a dielectric medium of £=80 (corresponding
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Fig. 1. The optimized model of (a) AC (b) (AC)OH (c) (AC)COOH
(d) (AC)CHO.
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to water). To study the possible interaction of 4-Nitrophenol with
RABC, it is necessary to create a reasonable structure for the acti-
vated biocarbon surface. Since activated biocarbon is considered as
macrostructures with an aromatic dluster of different sizes, a ben-
zene ring cluster model with armchair edge shapes was used to
simulate the activated biocarbon surface in the present study [37].
The upper edge atoms of the cluster model were unsaturated to
create an active site, whereas the carbon atoms on the remaining
lower part of the cluster surface were terminated with hydrogen
atoms. This unsaturated active site model was taken as pristine acti-
vated biocarbon. Besides, the active site was functionalized with
OH, CHO and COOH groups to study the eftect of such functional
group on the 4-Nitrophenol adsorption process. Gauss view 05 was
used to generate all the required models and the resulting struc-
tures were optimized in their electronic ground state. The opti-
mized benzene ring cluster models are given in Fig. 1. The cluster
models were named pristine activated biocarbon (AC), OH func-
tionalized carbon (AC)OH, CHO functionalized carbon (AC)CHO
and COOH functionalized carbon (AC)COOH.

The adsorption of 4-Nitrophenol at different sites of the carbon
models was studied, and various possible ways of interaction were
considered. The adsorption energy of 4-Nitrophenol on activated
biocarbon surface was calculated by using the equation

Ey=Eap— (E4+Ep) ©

where, E,; is the total energy of the 4-Nitrophenol and activated
biocarbon system at equilibrium state; E, is the total energy of the
adsorbate 4-Nitrophenol, and E; is the total energy of the activated
biocarbon. Normally, the adsorption energy of less than —30Kk]/
mol indicates a physisorptive interaction, whereas adsorption energy
more than 50 kJ/mol indicates a chemisorptive type of interaction
[37]. Besides, a higher negative value of adsorption energy would
indicate stronger adsorption [41].
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RESULTS AND DISCUSSION

1. Characterisation of RABC

The BET surface area and pore volume of RABC were found to
be 919 m’g ' and 0.324 cm’g ", respectively. The high surface area
and pore volume of RABC indicate its good adsorptive nature.
The surface morphology of the synthesized activated biocarbon
observed under scanning electron microscopy revealed a non-uni-
form surface structure with cracks, cavities and pores. Fig. 2(a)
gives the FESEM micrograph of the prepared activated biocarbon.
The irregularities in the surface features could have arisen due to
the combined effect of heat treatment and chemical activation.
These processes result in the progressive elimination of volatile and
disorganized matter, which ultimately creates cavities and voids.
FTIR spectrum in Fig. 2(b) shows the presence of the different
surface functional groups. The strong and broad band at around
3,443 cm™ represents OH stretching vibration [45]. The two bands
at 2,923 and 2,853 cm™' may be due to C-H stretching vibration.
The appearance of a peak at 1,741 cm™ is assigned to C=0 stretch-
ing vibration of aldehydes, ketones, esters and acetyl derivatives
[46]. The peak at 1,625 cm™" could be due to olefinic C=C stretch-
ing vibration, while the peak at around 1,463 cm™" represents the
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skeletal C=C vibrations in aromatic rings [47]. The transmittance
at 1,040 cm™ is accounted to C-O stretching in alcohols, carboxylic
acid or derivatives, phenols, ethers or esters group [48]. The bands
between 800-500 cm ™' correspond to the vibrations of C-H, O-H
and C-O bonds. The amorphous nature or crystalline nature of the
prepared RABC was studied using XRD and Fig. 2(c) represents
the X-ray diffractogram of the synthesized carbon. Two broad bands
appearing at 260=~23° and ~43° could be attributed to the reflec-
tion from the (002) plane and (100) plane, respectively. The exis-
tence of such bands suggests the graphite-like microcrystallite struc-
ture of RABC [49]. The thermogravimetric analysis helps in com-
prehending the thermal stability and decomposition pattern of the
activated biocarbon. Fig. 2(d) gives the thermogravimetric graph
of RABC. A weight loss at temperatures below 200 °C could be
due to loss of moisture present on the carbon [50]. The release of
volatiles such as CO, and CO accounts for the weight loss at around
560 °C to 650 °C [51]. The retention of about 60% unburned weight
at around 900 °C indicates the resistance of the RABC to a high
heating condition, reflecting its excellent thermal-stable nature. The
zero-point charge (pHyp) of the RABC corresponds to 8.1. This
means that at pH<8.1, the surface of the activated biocarbon will
be positively charged, while at pH>8.1, the surface will possess nega-
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Fig. 2. (a) FESEM micrograph (b) FT-IR spectrum (c) XRD pattern (d) TGA/DTG profile of RABC.
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tive charges.

2. Batch Adsorption Studies

The effect of adsorbent dose, contact time, initial concentration
of 4-Nitrophenol and pH on the removal efficiency of 4-Nitrophe-
nol from aqueous solution was investigated by batch adsorption
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2-1. Effect of Adsorbent Dose

The adsorbent dose is one of the important factors in adsorp-
tion studies as it determines the capacity of activated biocarbon for
the adsorption of an adsorbate. The optimum adsorbent dose was
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Fig. 3. (a) Effect of adsorbent dose (b) Effect of contact time (c) Effect of initial 4-Nitrophenol concentration and (d) Effect of pH and (e)
Effect of temperature on 4-Nitrophenol adsorption.
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obtained by varying the dosage of RABC from 0.1 to 1 g at pH-7,
25°C temperature, initial 4-Nitrophenol concentration of 400 mg
L' and 40 minutes contact time. As can be seen from Fig. 3(a),
the removal percentage of 4-Nitrophenol increased from 89.11%
to 99.6% with the increase in adsorbent dose from 0.1g to 0.5g.
This increase in removal percentage may be due to the availability
of more adsorption active sites and greater surface area at increased
adsorbent dose [52]. However, the removal percentage remained
almost constant above 0.5g adsorbent dose, and this may be
attributed to the aggregation or overlapping of available adsorp-
tion sites at higher adsorbent dose [53]. The adsorbent quantity of
0.5 g was chosen as the optimum dose for further studies.
2-2. Effect of Contact Time

The contact time helps determine the duration of equilibrium
attainment between the adsorbate and adsorbent. The effect of
contact time on removal efficiency was evaluated by variation of
contact time (5 to 180 minutes) at constant adsorbent dosage (0.5 g),
400mg L' initial 4-Nitrophenol concentration, pH-7 and 25 °C
temperature. A plot of removal efficiency (%) of the RABC versus
contact time is shown in Fig. 3(b). The uptake of 4-Nitrophenol
increased rapidly at the initial period and gradually proceeded at a
slower rate as the equilibrium was attained. The higher adsorption
rate during the initial stages is associated with the availability of a
large number of readily accessible sites on the adsorbent surface
[54,55]. However, with the passage of contact time, the removal
rate became slow; and finally, the system reached equilibrium after
around 40 minutes. As time proceeds, the remaining vacant sur-
face sites become less accessible as a result of the repulsive interac-
tion between the 4-Nitrophenol molecules present on the adsorbent
surface and in the solution, thereby decreasing the adsorption rate
[56,57]. From the results, a contact time of 40 minutes was fixed as
the optimum time for subsequent adsorption studies.
2-3. Effect of Initial Concentration

The effect of initial concentration on the adsorption of 4-Nitro-
phenol onto RABC was investigated at different 4-Nitrophenol con-
centrations ranging from 100 mg/L to 500 mg/L, while other para-
meters, ie., adsorbent dose, contact time, temperature and pH, were
fixed at 0.5 g, 40 minutes, 25 °C and 7, respectively. A plot of removal
efficiency (%) versus the initial 4-Nitrophenol concentration is given
in Fig. 3(c). It is clearly evident that the removal efficiency was
inversely related to the initial concentration of 4-Nitrophenol. The
higher removal percentage at lower 4-Nitrophenol concentrations
may be due to the availability of more adsorption sites on the sur-
face of the adsorbent than the number of adsorbate molecules pres-
ent in the solution. However, at higher concentrations, the number
of 4-Nitrophenol molecules competing for the same number of ad-
sorption sites was higher, thus decreasing the removal efficiency [58].
2-4. Effect of pH

The pH of the solution plays a pivotal role in the process of ad-
sorption. The effect of pH on the adsorption efficiency of 4-nitro-
phenol was determined by keeping all the other parameters at opti-
mum conditions (adsorbent dose-0.5 g, 25 °C temperature, contact
time - 40 minutes, initial concentration 400 mg/L) and varying the
pH from 2 to 12. There was a slight increase in removal percent-
age of 4-Nitrophenol (98.8% to 99.9%) on increasing the pH from
2 to 7, whereas the removal efficiency decreased sharply when the
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pH of the solution increased to values higher than 7 (Fig. 3(d)). pKa
value of 4-Nitrophenol was 7.15 while the pHzpc value of the RABC
was found to be 8.1. Therefore, when the pH of the working solu-
tion was at pH less than 7, 4-Nitrophenol molecule would remain
in its molecular form (pKa of 4-Nitrophenol=7.15) and the RABC
surface had a positive charge (pH<pH_c); as a result, there is an
increase in the adsorptive interaction between 4-Nitrophenol and
RABC. However, at pH more than 7, the surface of RABC would be
negatively charge (pH>pHxc), and the 4-Nitrophenol molecules
will dissociate into ionic form since pH of the working solution is
greater than the pKa value of 4-Nitrophenol. As a result, there will
be a repulsive interaction between the 4-Nitrophenolate anions and
the negatively charged carbon surface, which would eventually de-
crease the removal efficiency.
2-5. Effect of Temperature

The eftect of temperature on the adsorption of 4-Nitrophenol was
studied at four different temperatures: 298, 308, 318 and 328 K. The
initial concentration of 4-Nitrophenol was set at 400 mg L™, con-
tact time-40 minutes, pH-7 and 0.5 g adsorbent dose. Fig. 3(e) rep-
resents the plot of removal efficiency versus temperature. It is ob-
served that the removal percentage of 4-Nitrophenol increased with
the increase in temperature attaining a maximum of 99.9% was at
328K
3. Adsorption Isotherm Studies

Adsorption isotherm studies were conducted by fitting the ad-
sorption equilibrium data into three commonly used isotherms:
Langmuir, Freundlich and Temkin isotherm models. Table 1 pres-
ents the isotherm parameters and the chi-squared value for 4-
Nitrophenol adsorption. From the R* value and chi-squared test
(1), it is observed that the Langmuir model best suited the exper-
imental adsorption isotherm data, which signifies that 4-Nitrophe-
nol adsorption onto the activated biocarbon proceeded through
monolayer type of coverage. The value of maximum adsorption
capacity (q,,) was 50.89 mg/g. The dimensionless separation value,
R;=0.001, signifies that the adsorption of 4-Nitrophenol is favour-
able. From the Freundlich analysis, it can be seen that the recipro-

Table 1. Adsorption isotherm parameters for 4-Nitrophenol adsorp-

tion onto RABC

Isotherm Parameters
Langmuir Qn 50.890

K, 9.013

R, 0.001

R? 0.996

Ve 3.04x10°°
Freundlich 1/n 0.208

n 4.807

K; 39.417

R’ 0.983

Ve 1.23x10°°
Temkin by 0.496

Ay 29.591

R’ 0.902

Ve 24.094
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Fig. 4. Linear plot of (a) Pseudo-first-order and (b) Pseudo-second-order model for the adsorption of 4-Nitrophenol.

Table 2. Plot parameters of pseudo-first-order and second-order-model

Pseudo-first order

Pseudo-second order

qe, (exp) qe, (cal) k1 Rz X g

Qe (ep) e, cab k, R’ 7

49.897 1.787 0.037 0.804 1.63x10™"

49.897 49.900 0.113 0.999 1.06x107°

cal of Freundlich adsorption intensity value, 1/n, was found to be less
than 1, which indicates that the adsorption follows normal Lang-
muir isotherm.

Chi-squared test was conducted to validate the isotherm models.
The lowest y* value was observed for Langmuir adsorption model,
which suggests that the Langmuir isotherm best elucidated the ad-
sorption of 4-nitrophenol onto the present activated biocarbon.

4. Adsorption Kinetic Studies

The kinetics of the adsorption process was studied by consider-
ing two kinetic models, pseudo-first-order and pseudo-second-
order. The obtained kinetic graphs and their plot parameters are
shown in Fig. 4 and Table 2, respectively. The experimental adsorp-
tion capacity value, q, (., of pseudo-first-order model showed a
vast difference from the calculated adsorption capacity value q, (.
which indicates the poor applicability of the pseudo-first-order model.
However, for pseudo-second-order model, the qy., was found to
be in close agreement with the q ;. Moreover, the highest R’ value
(0.999) and lowest chi-squared value (3*=1.06x10"") were obtained
for the pseudo-second-order model. All these results indicate that
pseudo-second-order kinetic model best elucidated the rate and
mechanism of the 4-Nitrophenol adsorption, and thus, it can be
concluded that chemisorption plays a vital role in the adsorption
of 4-Nitrophenol.

5. Thermodynamic Study

The thermodynamics of the adsorption of 4-Nitrophenol onto
RABC was studied from 298 K to 318 K. The thermodynamic para-
meters, such as enthalpy change (AH) and entropy change (AS),
were calculated from the slope and intercept of the plot of InK;
versus 1/T of Eq. (10), whereas the Gibbs free energy change (AG)
at different temperatures was determined using Eq. (12). The ob-
tained thermodynamic parameter values are given in Table 3.

Table 3. Thermodynamic parameters for 4-Nitrophenol adsorption

onto RABC
AH AS AG (kJ mol )
(KJmol™) (Kmol'K') 298K 308K 318K 328K
50.80 0.17 006 —163 -334 -504
AS AH
InK,= 2 - 27 (10)
q,
_ % 11
Ky c. (11)
AG=AH-TAS 12)

where, K =distribution adsorption coefficient, q, is the adsorbed
4-Nitrophenol concentration on RABC (mg g '), T is the absolute
temperature (K), C, is the concentration of 4-Nitrophenol at equi-
librium (mg L™), AS corresponds to entropy change (kJ mol™ K™'),
AG (k] mol™) is Gibbs free energy change, AH represents the
enthalpy change (k] mol '), and R corresponds to the universal
gas constant (8.314 k] mol ' K).

The value of change in enthalpy (AH) is positive, indicating that
the adsorption of 4-Nitrophenol onto RABC is endothermic. The
positive values of AS indicated increased randomness at the liquid
and solid interface during the process of 4-Nitrophenol adsorp-
tion. The negative AG value implied the spontaneity of the adsorp-
tion process. Moreover, the AG value became more negative with
increasing temperature, indicating that the adsorption of 4-Nitro-
phenol is more favorable at higher temperatures.

6. Theoretical Calculations
Density functional calculations were used to understand the
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interactions taking place during the adsorption of 4-Nitrophenol
onto RABC. Phenolic compounds may bind to the activated bio-
carbon surface in several ways, and most of the interactions pro-
ceed either through the aromatic ring of phenol or the hydroxyl
group [36]. In this study; an attempt was made to understand the
probable mechanism taking place during the adsorption of 4-Nitro-
phenol onto RABC via its hydroxyl group. Arm chair model was
used to simulate pristine and functionalized activated biocarbon
surface, and five different ways of interaction of 4-Nitrophenol with
these activated biocarbon surfaces have been studied. Such studies
broaden our understanding of the bonding and reactivity involved
in adsorption process. Besides, the interaction studies of 4-Nitro-

A. Supong et al.

phenol with the different functional group of activated biocarbon
surface helps in identifying the functional group that would have
the most significant impact on 4-Nitrophenol adsorption, and this
would provide an idea for surface modification of activated biocar-
bon during its preparation process. The optimized structures for
the 4-Nitrophenol adsorption on different activated biocarbon sur-
faces are given in Fig. 5, while the adsorption energies and bond
distance between the adsorbate and adsorbent are given in Table 4.
6-1. 4-Nitrophenol Adsorption on Pristine Activated Biocarbon (AC)

The interaction of the hydroxyl group of 4-Nitrophenol (NP)YOH
with the pristine activated biocarbon was studied by considering
the bond formation between the oxygen atom belonging to the

J’JJ’/“‘;‘ *ff
e
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A
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Fig. 5. Optimized structures of 4-Nitrophenol adsorption onto activated biocarbon (a) (AC)C---OH(NP) (b) (AC)HO---HO(NP) (c) (AC)OH---

OH(NP) (d) (AC)CHO---HO(NP) (¢) (AC)COOH---OH(NP).

Table 4. Adsorption energies and bond distance between 4-Nitrophenol and activated biocarbon systems

System Mode of interaction Adsorption energy (kJ/mol) Bond length A)
NP+AC (NP)HO----C(AC) —313.54 1.40 (Oxp-Cao)
NP+(AC)OH (NP)HO----HO(AC) -31.56 1.72 (Onp-Hyco)

(NP)OH----OH(AC) -37.97 1.70 (Hyp-Onc)
NP+(AC)CHO (NP)OH----OHC (AC) —43.08 1.65 (Hyp-Opc)
NP+(AC)COOH (NP)OH----HOOC(AC) —45.18 1.74 (Hyp-Ouc)

1.77 (Oxp-Hac)

December, 2019
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hydroxyl group of 4-Nitrophenol and the carbon atom of activated
biocarbon surface (AC)C. The bond formation is represented as
(NP)HO----C(AC) and the optimized structure is given in Fig. 5(a).
It is clear from Fig. 5(a) that the OH group of 4-Nitrophenol mol-
ecule adsorbed dissociatively onto the arm chair model of activated
biocarbon surface. The (NP)OH dissociates into (NP)O and H atom,
resulting in the formation of two types of interactions: (NP)O----
C(AC) and Hyp---C(AC). Moreover, the adjoining C-C bond length
of the activated biocarbon surface where (NP)O and H atom were
attached increased upon adsorption. This indicates that the elec-
tron cloud shifts towards the adsorption sites-(NP)HO----C(AC)
resulting in weakening of the adjoining C-C bonds of the activated
biocarbon surface. The adsorption energy corresponds to —313.54
kJ mol™, indicating that the 4-Nitrophenol adsorption on the pris-
tine activated biocarbon is favorable and chemisorptive.
6-2. 4-Nitrophenol Adsorption on (AC)OH

The 4-Nitrophenol (NP)OH adsorption on the OH-functionalized
activated biocarbon was studied by considering two types of inter-
actions: (NP)HO----HO(AC) and (NP)OH----OH(AC). The opti-
mized interaction structures of (NP)HO----HO(AC) and (NP)OH----
OH(AC) are given in Fig. 5(b) and 5(c), respectively; and their corre-
sponding bond lengths are given in Table 4. The adsorption ener-
gies of (NP)HO----HO(AC) and (NP)OH----OH(AC) interactions
corresponded to —31.56 k]/mol and —37.97 k]/mol, respectively.
The Oyp-H,c bond length of (NP)HO----HO(AC) mode of inter-
action corresponded to 1.72 A while Hyp-O,c bond length of
(NP)OH----OH(AC) corresponded to 1.70 A. The higher negative
value of adsorption energy and shorter bond length of (NP)OH----
OH(AC) system indicates that (NP)OH----OH(AC) mode of inter-
action is more favorable than (NP)HO----HO(AC) type. Moreover, it
can be deduced from the adsorption energy values of —31.56 K]/
mol and —37.97kJ/mol that the interaction of hydroxyl group of
4-Nitrophenol with the OH-functionalized carbon is physisorptive.
6-3. 4-Nitrophenol Adsorption on (AC)CHO

The interaction of CHO-functionalized activated biocarbon with
the hydroxyl group of 4-Nitrophenol (NP)OH resulted in the for-
mation of (NP)OH----OHC(AC) complex. The interaction occurred
between the hydroxyl hydrogen atom of 4-Nitrophenol and the
oxygen atom of CHO-functionalized carbon surface (Fig. 5(d)). Such
type of interaction increases the O-H bond length of 4-Nitrophe-
nol from 0.97 A to 1.02 A and C=0O bond length of CHO-func-
tionalized carbon from 1.24 A to 1.26 A. Thus, the O-H bond of
4-Nitrophenol and C=0 bond of functionalized carbon becomes
weaker upon adsorption, and this may be due to the shifting of elec-
tron cloud more towards the adsorption site, ie., O,c-Hyp bond of
(NP)OH----OHC(AC) system. The distance between the hydroxyl
hydrogen atom of 4-Nitrophenol and oxygen atom of functionalized
carbon was found to be 1.65 A, while the adsorption energy corre-
sponded to —43.08 kJ/mol. All these results indicate that the 4-Nitro-
phenol adsorption on CHO-functionalized carbon is favorable.
6-4. 4-Nitrophenol Adsorption on (AC)COOH

Adsorption of 4-Nitrophenol on COOH-functionalized acti-
vated biocarbon (AC)COOH proceeded through the formation of
(NP)OH----HOOC(AC) complex. The optimized interaction struc-
tures are given in Fig. 5(e). The interaction occurred by forming
two types of hydrogen bond between 4-Nitrophenol and COOH-

functionalized carbon: one of the hydrogen bonds exist between
the Hydroxyl hydrogen atom of 4-nitrophenol (NP)OH and the
oxygen atom of COOH group of functionalized carbon surface
(Hxp-Oaxc), while the other bond exists between the hydroxyl oxy-
gen atom of 4-Nitrophenol and the hydrogen atom of COOH group
of functionalized activated biocarbon surface (Oyp-Hyc). The bond
distance of Hyp-O,c and Oyp-H,e was found to be 1.74 A and
1.77 A, respectively, while the adsorption energy corresponded to
—45.18 kJ/mol. Upon adsorption, the O-H bond length of both 4-
Nitrophenol and (AC)COOH increased from 1.00 A to 1.37 A and
from 0.98 A to 1.00 A, respectively. This indicates that the O-H
bond becomes weaker as a result of the formation of Hyp-O,c and
Onp-Hyc bond between 4-Nitrophenol and (AC)COOH. The inter-
action of 4-Nitrophenol with (AC)COOH was found to have the
highest adsorption energy as compared to (AC)CHO and (AC)OH
system. Thus, the high negative energy and decrease in bond length
upon adsorption indicates that the interaction of 4-Nitrophenol
with COOH-functionalized activated biocarbon is favorable.

A comparative study of the effect of functional groups on the 4-
Nitrophenol adsorption was performed by considering their rela-
tive adsorption energies. The relative energy diagram of the opti-
mized configurations of 4-Nitrophenol adsorption onto function-
alized activated biocarbon system is Fig. 6. Among the various func-
tional group considered for this study, the interaction of 4-Nitro-
phenol with (AC)COOH was found to possess the highest ad-
sorption energy as compared to (AC)CHO and (AC)OH system.
Hence, it can be assumed that the introduction of the carboxylic
functional group into the activated biocarbon system would enhance
the interaction of 4-Nitrophenol with the carbon surface more as
compared to carbonyl and hydroxyl functional groups. The rela-
tive stability and energy of various configurations follow the order:
(NP)OH----HOOC(AC)>(NP)OH----OHC(AC)>(NP)OH----
OH(AC)>(NP)HO--—-HO(AC).

7. Comparative Study of Ravenna Grass Activated Biocarbon
with Other Adsorbents

A comparative study of RABC with other adsorbent materials
available in the literature was done to understand the relative effi-
ciency of the obtained biocarbon for 4-Nitrophenol removal and is
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Relative energy (kJ mol™)
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Fig. 6. Relative energy diagram of 4-Nitrophenol adsorption onto
functionalized activated biocarbon.
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Table 5. Comparison of RABC with some other adsorbent materials for 4-Nitrophenol removal

Adsorbent characteristics Adsorption capacity for
Adsorbent Surface area Pore volume 4-Nitrophenol removal Source
(m’g™) (em’g) Qe (Mg g7)
RABC 919 0.324 50.89 Present study
Acacia glauca sawdust activated carbon 311.20 - 25.93 [33]
Mauritanian clay/alginate composite beads - - 271 [59]
(Na-ZS26/SA)
Olive cake based activated carbon 672 - 1.550 [60]
Nano zirconium silicate coated - - 2.619 [61]
manganese dioxide nanoparticles
Microporous activated carbon 780.06 0.468 (micro) 184.86 [62]
0.105 (meso)
Zeolite - - 1.02 [63]
Nanographite oxide 421.7 0.99 268.5 [64]
Eucalyptus seed derived carbon
15% acid treated activated carbon 150 0.595 0.126 [65]
30% acid treated activated carbon 80 0.020 0.194
15% base treated activated carbon 780 1.159 1.331
30% base treated activated carbon 670 0.449 2.568
Pyrolyzed oil shale - - 4.895 [66]
CO,-oil shale - - 8.889 [66]
ZnCl,-oil shale - - 0.026 [66]
KOH-oil shale - - 0.895 [66]
Metal-organic framework/reduced 0.66 - 327 [67]

graphene oxide composite

shown in Table 5. The surface area and maximum adsorption capac-
ity of adsorbent materials were considered for the comparison. From
Table 5, it can be seen that the RABC has comparatively high sur-
face area of 919m’ g ' and adsorption capacity of 50.85mg g ',
respectively, as compared to other adsorbent. This shows that the
activated biocarbon obtained from this study could be used as an
efficient adsorbent for 4-Nitrophenol removal from water.
8. Cost analysis

The total approximate cost involved in the production of 250
gram of the RABC was calculated, which included the price of
KOH, electricity, water, HCI and raw precursor. The resulting pro-
duction cost was subsequently compared with that of commercially
available carbon to draw a comparison with regard to economic

Table 6. Cost estimates for production of 250 g RABC

Materials Consumption Cost
(approx.) (approx.)

KOH 500 g T 480
HCl 200mlof 0.1 M HCl % 1 (% 265/500 ml)
Raw precursor 1.4 kg 0
Electricity 14 kWh T 42
Water 50L T 15
To.tal Cost/250g - z 538

(in Rupees)

*1 dollar ($)=Approx.72.00 Rupees (I)

December, 2019

feasibility. Table 6 presents the cost of the RABC, while Fig. S1 (sup-
plementary Fig. 1) represents the relative cost of different carbon in
terms of Rupees (). In the present study, around 1.4kg of raw
material was used for the production of 0.250 kg of activated bio-
carbon. The cost involved in the production of 250 g RABC was
found to be (%) 538 without considering the cost involved in initial
investment, labor income, working capital, manufacturers profits,
recovery and reuse of KOH. This production cost is expected to
be reduced in scaling up from laboratory experiments to industrial
scale. A comparative study of the production cost indicates that
Ravenna grass activated biocarbon could be one of the most eco-
nomical among all other commercially available carbons consid-
ered for this study.

CONCLUSION

Ravenna grass biomass served as a potent precursor for the prepa-
ration of activated biocarbon. Surface area, pore volume and zero-
point charge of the prepared carbon were found to be 919 m’g ',
0324cm’g " and 8.1 respectively. XRD analysis revealed the micro-
crystallite structure of the RABC, while SEM image indicated the
presence of numerous voids, cracks and cavities on the carbon sur-
face. The Ravenna grass activated biocarbon could serve as a good
adsorbent for removal of 4-Nitrophenol from aqueous solution. At
best conditions (adsorbent dose-0.5 g, pH-7, contact time-40 minutes,
initial 4-Nitrophenol concentration - 400 mgL™), the activated bio-
carbon exhibited a maximum removal percentage of 99.9%. The
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adsorption capacity was greatly influenced by the pH,, of the acti-
vated biocarbon and the pH of the working solution. The removal
percentage decreased sharply when the pH value was increased
from 7 to 12. The Langmuir model best explained the equilibrium
isotherm with q,, of 50.89 mgg ™", while pseudo-second-order model
well described the kinetics data. The thermodynamics study indi-
cated the temperature dependence, spontaneity and endothermic
nature of the adsorption process. Density functional theory calcu-
lations also revealed the favorable adsorption of 4-Nitrophenol onto
pristine and functionalized activated biocarbon. Among the differ-
ent functional groups used to functionalize the activated biocarbon
(-OH, -CHO, -COOH), the -COOH group interacted most strongly
with 4-Nitrophenol. These results indicate that functionalization of
activated biocarbon with COOH group would increase its interac-
tion with 4-Nitrophenol, which would eventually improve the ad-
sorption properties.
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