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ABSTRACT

Biochar obtained from Moringa seeds husks was functionalized with protein extracted from
Moringa kernels powder resulting in a composite biochar (BC-MOP). The functionalization of its
surface was characterized by FTIR spectroscopy, which showed the appearance of peaks indica-
tive of protein functions (amines and ketones), confirming the consolidation of the surface. This
composite was tested in humic acid (HA) removal from an aqueous solution, and its adsorption
capacity was evaluated by comparison with that of biochar (BC). Removal rates favored the com-
posite 81.4 mg g for BC-MOP and 41 mg g™ for BC when the temperature was 25°C which demon-
strated the impact of functionalization. The operating parameters pH, contact time, and dose of
adsorbent were optimized, and it was found that solution pH played a crucial role in the adsorp-
tion process. The adsorption isotherms of the HA fit the Langmuir model better than the Freundlich
model, and the adsorption kinetics followed the pseudo-second-order model. The adsorption was
chemisorption in nature. The degradation of HA into units of low molecular weight substances
was proved by FTIR spectrum and UV absorption after adsorption of HA. This study contrib-
uted to the development of new composite biochars with high adsorbent capacity toward organic

pollutants.
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1. Introduction

In surface and groundwater, humic acid (HA) is a key
component of humic compounds resulting from biomole-
cules” microbial breakdown [1,2]. The water supply sector
has struggled with HA for a very long time. HA in drink-
ing water can cause issues with its appearance, flavor, and
odor, as well as biological instability in the distribution sys-
tem [2]. Additionally, numerous pollutants can be bound
by HA, such as dangerous heavy metals and man-made
organic substances like pesticides, and transported through
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water treatment and distribution systems [3]. More signifi-
cantly, HA can combine with chlorine during water treat-
ment to create highly carcinogenic disinfection by-products,
including trihalomethanes [1-3].

Many techniques, including coagulation/flocculation,
membrane separation, advanced oxidation, ion exchange,
and adsorption, have been developed to remove HA during
water treatment [4]. Adsorption has been regarded as one
of them due to its high efficiency, straightforward opera-
tion, and simple design [5]. Several adsorbents have been
used for the adsorption of HA in an aqueous solution,
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including activated carbon, graphene, iron oxides, poly-
mers, biomass-based biochar, clay minerals, and oxides and
nanocomposites.

Among these sorbents, biochar has been used success-
fully to remove various contaminants from soil and water,
including heavy metals, organic pollutants, and microbi-
ological contaminants [6,7]. It has been demonstrated that
biochar is a porous carbon-based material produced when
carbon-rich material was heated to a high temperature and
then burned at a low oxygen level [7]. The advantages of
using biochar as an adsorbent with superior adsorption
capabilities for removing organic pollutants and heavy
metals include particular surface areas, pore architec-
tures, furthermore the degree of surface functional groups
that contain oxygen (O) [6,8]. However, a lot of effort has
recently been focused on synthesizing new functionalized
biochars with changed surface characteristics to improve
their adsorption capabilities, and possible potential uses to
rehabilitate the ecosystem [9,7].

It was discovered that the aqueous extract of MO seed
kernels contained positively charged peptides with low
molecular masse, which can be used as a coagulant for
water and wastewater treatment. Furthermore, the coag-
ulant protein from MO was also shown to be a dimeric
13 kDa protein with components of 6.5 kDa containing
coagulating activity [10]. Adsorption and charge neutraliza-
tion is thought to form the foundation of the MO protein’s
coagulation process [10,11].

In this study, the surface of biochar (BC) was modi-
fied with Moringa protein (MOP) to prepare Moringa pro-
tein-functionalized biochar (BC-MOP) and utilized for the
adsorption of HA from an aqueous solution. The synthe-
sized BC-MOP was characterized by Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM). The HA adsorption
process on BC and BC-MOP was investigated as a func-
tion of pH, adsorbents mass, contact time, and adsorbate
concentration. The FTIR and UV spectrophotometry of HA
solution before and after treatment were studied.

2. Materials and methods
2.1. Adsorbent preparation
2.1.1. Biochar production

The husks of Moringa seeds were harvested between
September and October 2020 from trees grown to Adrar,
Algeria. Moringa husks were washed three times with dis-
tilled water to eliminate any contaminants of the surface
then dried overnight at 80°C. Then the husks were ground
to obtain powder using a grinder. Ceramic crucibles were
filled with husk powder, covered with a fitted lid, and
pyrolyzed under oxygen-limited conditions in a muffle fur-
nace (Nabertherm, Germany) at 450°C for 1 h. The biochar
was immediately cooled at room temperature to activate
the surface pores.

2.1.2. Moringa protein -functionalized biochar preparation

Moringa protein extraction, as well as the character-
izations, were reported in detail previously [12]. Moringa

protein (MOP) suspension was made by 1 g of MOP and 1L
of distilled water. MOP-functionalized biochar (BC-MOP)
was prepared by dispersion of biochar particles in MOP
suspension with a rapport of 2:1 (g/g) at a temperature
of 30°C. The mixture was agitated for 3 h using a rotary
shaker.

2.1. Adsorption experiments

Batch adsorption experiments of HA on BC and
BC-MOP were carried out in a 250 mL Erlenmeyer with
50 mL of HA solution. The effect of operating parameters
(pH 3-10, adsorbents dose, and contact time) was stud-
ied. pH was adjusted by adding 0.1 M of HCI or 0.1 M of
NaOH. The residual concentration of HA in the superna-
tant was determined at 254 nm with a UV/VIS spectropho-
tometer (PERKIN ELMER). The effect of HA concentration
on the experiments was recorded by varying the concen-
trations of HA between (0-300 mg/L). The HA adsorp-
tion capacity was calculated according to the following
equation:

Qs =——V 1)

where g_,: the amount of HA adsorbent (mg/g); C: initial
concentration of HA (mg/L); C: equilibrium concentration
mg/L; V: volume (L); m: mass of adsorbent (g).

2.2. Kinetic and isotherm adsorption models

The kinetic data was analyzed using pseudo-first-order
(PFO) and pseudo-second-order (PSO). The nonlinear PFO
equation is as follows:

9, =9.[1-exp(-Kt) ] b)
The linearized form is as below [13]:
In(q, —q,)=Ing, - Kt 3)

The nonlinear PSO equation is as follows:

K,q’t
ql — 1 Zqé (4)
+q. Kt
The linearized form is as below [13]:
t 1 t
—= ©)
9 kg, a.

where g, represent the quantity of adsorbate at any given time
t, g, is the amount of adsorbate at equilibrium time (mg g™),
and k; (min”) and k, (g mg™” min™) are the pseudo-first-
order and pseudo-second-order equilibrium rate constants,
respectively.

Two isothermal models; Langmuir [Eq. (6)]
Freundlich [Eq. (7)] were used to fit experimental data.

and
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The nonlinear equations are as follows:

K.C
q( _ qm L>e (6)
1+K,C,
9. =K, C" @)

The linearized forms of these models were as follows [14]:

& _ 1 +C, = (8)
9. 4K 4,
1
loggq, =log K, +—LogC, )
n

where C, (mg L) denote the HA solution equilibrium con-
centration, g, and q, (mg g™') denotes the quantity adsorbed
and maximum adsorption capacity, respectively, and k,
denotes the Langmuir constant (L mg™). The Freundlich
affinity coefficient is K, (mg/g)(L/mg)"", and n is a measure
of adsorption linearity.

3. Results and discussion
3.1. Characterization of adsorbents
3.1.1. FTIR analysis

The FTIR of BC and BC-MOP spectra are shown in
Fig. 1. The peak at 1,592 cm™ in the FTIR spectrum of
BC represents C=O stretching mode coupled with NH,
(amide group) [15]. The transmittance peak at 1373 cm™
was attributed to C-H bending vibration [16]. The peak at
1,449 cm™ was assigned to aromatic C=C stretching vibra-
tion. The C-O-C symmetric stretching typical of cellulose
and hemicellulose was attributed to the peak detected
at 1119 em™ [17]. All of the distinctive peaks in the FTIR
spectrum of the BC-MOP were sharper than those in the
BC spectrum, demonstrating that MOP modification of
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Fig. 1. FTIR spectra of BC and BC-MOP.

Moringa husks biochar can effectively increase the num-
ber of active functional groups on the BC surface. The
peak appearing at 2,995 cm™ was attributed to stretch-
ing vibrations of C-H groups indicating that the protein
had been introduced onto the BC surface.

3.1.2. XRD analysis

Fig. 2 shows the XRD diffractograms of BC and BC-MOP.
Broad diffraction peaks in the BC and BC-MOP at 26 = 25°
correspond to the graphite (002) crystal face diffraction of
amorphous carbon [18]. Other tiny peaks can be seen in
the XRD pattern of BC, indicating a significant number of
weakly crystalline phases such as calcite (CaCO,) and flu-
orite (CaF,). Meanwhile, the XRD pattern of BC-MOP is
nearly identical to that of BC, showing that the addition
of MOP during the synthesis process has no substantial
impact on the product’s crystal shape.

3.1.3. SEM analysis

The effect of protein addition on the structural mor-
phology of BC was investigated using SEM characteriza-
tion. Fig. 3 depicts an exemplary SEM image of BC-MOP.
According to this image, BC-MOP has an irregular, solid
coarse, and heterogeneous surface with many mesopores.

3.2. Effect of pH on adsorption process

The effect of pH on the HA removal was conducted in
the pH 3-10 range. Fig. 4a demonstrates that for both BC
and BC-MOP, the highest elimination was attained at pH
3 doses. As shown in Fig. 4b, the PZC of BC and BC-MOP
are respectively 7.8 and 7.4; this indicates that for pH
higher than PZC, the adsorbent surface charge is nega-
tive. The positive charge magnitude on the particle edges
gradually grows when pH gradually drops below this
level. The HA removal increases for pH levels below PZC
because BC and BC-MOP surfaces carry a positive charge,
and the anionic species (COO-, phenolic) prevailing at this
pH; this will favor HA adsorption. As the pH rises, the
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Fig. 2. X-ray diffractograms of BC and BC-MOP.
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surface charge of BC and BC-MOP progressively decreases
to zero, then turns negative for pH greater than PZC. In
this instance, the reduction in the adsorption is a result of
repulsion between the negative charge developed on the
surface of adsorbents and the anionic species of HA.

3.3. Effect of adsorbents dosage

As shown in Fig. 5, the adsorption capacity of HA was
found to increase with the increase of adsorbents dosages,
this is due to the increase of adsorbents’ active sites and
the surface area of adsorbents. The maximum adsorption
capacity was obtained with the dose of 1 g/L.

3.4. Effect of contact time

As shown in Fig. 6a, the adsorption kinetics of HA
on BC and BC-MOP were evaluated by varying contact
times between 0-150 min using a fixed initial concen-
tration of HA (50 mg/L) and pH = 3. As seen the equilib-
rium time of HA adsorption on BC was faster than that
for BC-MOP, the times were respectively 50 and 150 mn,
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Fig. 3. SEM image of BC-MOP.
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however the adsorption rate of BC-MOP was much higher
than BC. Fig. 6b shows that the adsorption kinetics are
of second-order. From the results of Table 1 which were
obtained from the linearized equation, the R? coeffi-
cients of PSO showed higher values compared to those of
PFO. The R? coefficients of the PSO are 0.998 and 0.999,
while the R? coefficients of the PFO are 0.669 and 0.97 for
BC-MOP and BC respectively. Moreover the adsorption
capacities calculated for PSO are much closer to experi-
mental capacities, meaning that the chemisorption plays
a significant part in the adsorption process [19].

3.5. Effect of initial HA concentration

For HA adsorption on BC and BC-MOP, isotherm plots
show that adsorption rises as HA concentration rises,
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Fig. 5. Effect of adsorbents dosage on HA adsorption (pH = 3).
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Fig. 4. (a) Effect of initial pH on HA adsorption and (b) PZC of BC, BC-MOP, and MOP.
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Fig. 6. (a) Effect of contact time and (b) fitted kinetic models with 1 g/L dosage of adsorbents at pH 3 and 25°C.

Table 1

Kinetic parameters for HA removal

Kinetic model Adsorbent Parameters
PFO g, (mg/g) K, (min™) R?
BC-MOP 12.66 0.025 0.669
BC 15.33 0.073 0.970
PSO q,(mg/g) K,(min™) R?
BC-MOP 3291 6.28 102 0.998
BC 18.58 1.46 1072 0.999
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demonstrating that HA dosage functions as an adsorp-
tion-inducing force (Fig. 7). The nonlinear Langmuir and
Freundlich isotherms models were fitted (Fig. 7b), and their
characteristics parameters were obtained from the linear-
ized equations (Table 2). With a comparison of correlation
coefficient R? the Langmuir isotherm model shows the best
fit of HA adsorption on BC and BC-MOP. Notably, the K,
value of BC-MOP was higher than that of BC, showing that
the surface of BC had formed additional functional groups,
which led to the increased adsorption energy. The maxi-
mum adsorption capacities of 87.10 and 45.06 mg/g were
obtained through the Langmuir model for BC-MOP and
BC, respectively, are more consistent with the experimental
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Fig. 7. (a) Effect of HA acid concentration and (b) fitted isotherms models with 1 g/L dosage of adsorbents at pH =3 and 25°C.
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Table 2
Langmuir and Freundlich parameters on the adsorption of HA

Model Adsorbent Isotherm
parameters
Langmuir q, (mg/g) K, (L/mg) R?
BC-MOP  87.10 0.076 0.997
BC 45.06 0.044 0.998
Freundlich n K, (mg/g)(L/mg)"" R?
BC-MOP 245 11.80 0.867
BC 2.36 4.94 0.898
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Fig. 8. FTIR spectra of HA acid solution before and after
adsorption on BC-MOP.

capacities. Therefore the Langmuir isotherm indicated
that all adsorbents had homogeneous surfaces made up of
monolayers [20].

3.6. HA acid characterization by FTIR spectra

The FTIR spectra of HA samples before and after adsorp-
tion BC-MOP are shown in Fig. 8. The absorption peak at
3,339 cm™ was significantly reduced, and the two absorption
peaks at 2,964 cm™ and 2924 cm™ disappeared after adsorp-
tion; this indicated that the functional groups of BC-MOP
reacted strongly with O-H on HA molecules, leading to the
gradual disintegration of this organic matter. The band’s
intensity at 1,631 cm™ decreased significantly, indicating that
the content with internal conjugated double bonds (C=C,
C=0) decreased. The peaks at 1,547 and 1417 cm™ disap-
peared, indicating that the partially saturated hydrocarbon
group reacted with functional groups in the BC-MOP sur-
face to form relatively low molecular weight organic com-
pounds. The stretching vibration peak at around 1,024 cm™
shifted to a high value of 1,100 cm™ after adsorption,
indicating that BC-MOP reacted strongly with HA.

3.7. HA acid characterization by UV absorption

In the range of wavelengths (200-300 nm), the absor-
bance fluctuations are illustrated in Fig. 9. With BC-MOP
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Fig. 9. UV-visible spectra of HA solution before and after
adsorption on BC-MOP.

adsorption, the absorbance dropped in this UV range,
raising the potential of measuring the organics. Strong
absorbance near the UV is caused by particular binding
configurations in organic molecules, which is a sign of
conjugated systems like those seen in aromatic compounds.

4. Conclusions

In this work, biochar derived from Moringa husks was
modified by Moringa protein to enhance the adsorption
performance of humic acid. The sorption process was fol-
lowed through operating parameters such as pH, contact
time, and adsorbent dosage. The pH solution played a cru-
cial role in the adsorption of humic acid on biochar and
biochar- Moringa protein, which decreased significantly
with an increase in solution pH. High adsorption capacity
was obtained by Biochar-Moringa protein compared to bio-
char. The kinetics model showed that the pseudo-second-
order was a better fit for the experimental data of humic
acid adsorption than the pseudo-first-order. The Langmuir
model provided a better description of the equilibrium
data for the biochar and the biochar-Moringa protein. This
study revealed that biochar-Moringa protein is suitable for
use as an adsorbent for humic acid removal from aqueous
solution.

Symbols

9o — Amount of HA adsorbent, mg/g

C, — Initial concentration of HA, mg/L

C, — Equilibrium concentration, mg/L

\% — Volume, L

m — Mass of adsorbent, g

q, — Quantity of adsorbate at any given time, t

q, — Amount of adsorbate at equilibrium time,
mg g™

k, — Pseudo-first-order equilibrium rate constant,
min™

k, — Pseudo-second-order equilibrium rate con-
stant, g mg" min™!

q, — Maximum adsorption capacity, mg g™



A. Belbali et al. | Desalination and Water Treatment 279 (2022) 29-35 35

k, — Langmuir constant, L mg™

K, — Freundlich affinity coefficient, (mg/g)(L/mg)""
n — Measure of adsorption linearity

PzC — Point of zero charge
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