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Abstract

Date palm waste—derived biochar (DBC) was produced through pyrolysis (600 °C) and modified with zeolite (Z-DBC), silica (S-
DBC), or nano-zerovalent iron (nZVI-DBC) to design efficient sorbents. The pristine and engineered biochars were characterized
by SEM, XRD, BET, TGA, CHNS-O, and FTIR to investigate the surface, structural, and mineralogical composition. The nZVI-
DBC exhibited lowest pH (6.15) and highest surface area (220.92 m’ gfl), carbon (80.55%), nitrogen (3.78%), and hydrogen
(11.09%) contents compared with other biochars. Isotherm sorption data for chlortetracycline (CTC) removal from aqueous
solutions was described well by Langmuir and Redlich—Peterson isotherms showing the highest fitness (R” values in the range of
0.88-0.98 and 0.88-0.99, respectively). Langmuir predicted maximum CTC adsorption capacity was in order of nZVI-DBC
(89.05 mg g ') > S-DBC (45.57 mg g ') > Z-DBC (30.42 mg g ') > DBC (28.19 mg g ). Kinetics adsorption data was best
described by power function model (R? = 0.93-0.99), followed by interaparticle diffusion (R* = 0.85-0.96) model. The nZVI-
DBC performed outclass by removing 98% of CTC, followed by S-DBC (68%), Z-DBC (35%), and DBC (36%).
Chemisorption, H-bonding, and interaparticle diffusion were the operating mechanisms for CTC adsorption onto DBC, S-
DBC, and Z-DBC, while 7t-7t electron donor—accepter interactions and redox reactions augmented these mechanisms for highest
CTC adsorption onto nZVI-DBC. Therefore, nZVI-DBC may serve as an efficient green technology for the removal of CTC
from aqueous solutions and to reduce surface date palm waste pollution.

Highlights

* Magnetic and organo-mineral biochar composites were engineered and

characterized.

* nZVI-DBC has shown highest surface area and lowest pH among all
biochar composites.

» nZVI-DBC exhibited three times more chlortetracycline removal than
pristine biochar.

« Chemisorption, physisorption, and diffusion were sorption controlling
mechanisms.

« n-m interactions and redox reactions augmented chlortetracycline sorp-
tion in nZVI-DBC.
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Introduction

Antibiotics are among the most common pharmaceutical
products that have been used widely from the last seven
decades for both human and animals to control and pre-
vent infectious diseases. Over 250 antibiotic types have
been reported currently in use as human and veterinary
medicines around the globe with an annual consumption
of 63,151 ton (Ashfaq et al. 2015; Kimmerer and
Henninger 2003). Due to extensive usage, antibiotics and
their metabolites have been detected in various environ-
mental matrices such as hospital wastewater (Ashfaq et al.
2015), municipal wastewater (Lindberg et al. 2010), sur-
face water (Makowska et al. 2016), and even in drinking
water (Simazaki et al. 2015), because a substantial amount
of antibiotics (~70%) is not metabolized nor absorbed in
the body of the target organism and thus excreted into the
environment resulting in soil and water contamination
(Kummerer 2009). The antibiotic contamination is respon-
sible for various disorders in human beings such as
allergic/anaphylactic reactions, liver injury, delayed blood
coagulation, and discoloration of teeth especially in chil-
dren of less than 7 years old (Singh et al. 2014).

Among the most commonly used veterinary antibiotics,
chlortetracycline (CTC) is a broad spectrum antibiotic
which is used for the treatment of bacterial infection and
as food supplement for livestock and poultry (Bao et al.
2009). It belongs to the family tetracycline which is com-
monly used for animal production. Widespread use of CTC
has resulted in elevated levels of its residues in soil and
underground waters as > 75% of CTC remains unabsorbed
and excretes out with animal manure (Montforts 1999).
Applying this manure to soil as fertilizer and/or dumping
this in the soil are deteriorating the ecosystem.
Accumulation of CTC residues in soil and water is posing
adverse ecological threats, and their concentration in plant
and crop tissues is being increased with increased manure
application (Kumar et al. 2005). Therefore, CTC residues
are recognized as potential organic pollutants and their
occurrence have been reported worldwide which needs im-
mediate attention (Daughton and Ternes 1999).
Consequently, researchers are in surge of low cost and
practically feasible processes to limit antibiotics’ release
into soil and water, as well as to remove the prevailing
antibiotics from the wastewater. Different processes have
been employed to remove various antibiotics from waste-
water including biological treatments, membrane separa-
tion, activated carbon, adsorption, advanced oxidation pro-
cess (AOP), and chemical treatments. Among these
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processes, adsorption is the most accepted and widely used
technique as it is inexpensive, practically easy to perform,
and contains lower risk of toxicity (Hao et al. 2012; Zhou
et al. 2012; Ahmaruzzaman 2008). However, the selection
of appropriate adsorbent is of critical importance as the
efficiency of adsorbents depends on the type of adsorbent,
type of adsorbate, and composition of waste medium.
Therefore, it is the dire need of time to develop new low-
cost, eco-friendly, and efficient sorbents for the removal of
CTC from water media.

Biochar has recently been introduced as adsorbent for the
removal of toxic metal ions and organic contaminants from
wastewater (Ahmad et al. 2018a). Biochar is a carbon-rich
solid material produced from organic wastes through pyroly-
sis in controlled environment under limited oxygen supply
(Aly 2017). Adsorption by using biochar is considered to be
an innovative and promising practice as compared with other
conventional techniques. The presence of functional groups
on biochar surface, high surface area, microporous structure,
diverse surface sites, and net negative charge makes biochar
an efficient adsorbent for a range of organic and inorganic
pollutants (Uchimiya et al. 2012; Reddy and Lee 2014).
However, due to heterogeneity in structure and properties,
biochar does not perform consistently. Yao et al. (2013) re-
ported that unmodified biochar due to its low adsorption ca-
pacity and low anti-interference ability does not perform up to
the mark. On the other hand, due to both positively and neg-
atively charged surfaces (based on pyrolysis temperature),
majority of the biochar possess low adsorption capability for
some anionic pollutants. To conquer the abovementioned con-
straints, researchers are trying to modify the biochar through
mechanical, chemical, and physical means to improve its ef-
ficiency for enhanced organic and inorganic pollutants’
removal.

Modifications of biochar may alter its surface functional
groups, surface area, surface charges, and ash contents, subse-
quently altering the biochar efficiency for the removal and fix-
ation of toxic metal ions and several organic compounds. It has
been reported that the adsorption of organic pollutant such as
CTC can be increased by engineering a biochar with more
oxygen-containing functional groups (Liu et al. 2011).
Henceforth, modification of biochar may potentially improve
its surface properties (hydrophobicity/hydrophilicity, surface
charge, surface area, and pore volume) resulting in higher ad-
sorption of organic pollutants. Various foreign agents such as
silica, zeolite, and nano-metal oxides have been used for biochar
modifications (Dong et al. 2017; Ahmad et al. 2017; Ahmad
et al. 2018a). Zeolite, due to its strong electric field, larger sur-
face area, great ion-exchange capacity, and microstructure, is a
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wonderful clay mineral and is being widely used to remove
pollutants from contaminated soil (Bilgic 2005; Gurses et al.
2006). Likewise, nano-sized silica possesses higher specific sur-
face area and hydrothermal stability. Therefore, combination of
biochar with zeolite and/or silica minerals may improve physi-
ochemical properties of biochar and enhance its potential for
fixation of organic and inorganic toxins in soil and water
(Wang et al. 2016). Similarly, nano-zerovalent iron (nZVI) due
to its nanoscale particle size, large surface area, and reductive
nature has been used to remediate a range of environmental
contaminants in soil and water (Chatterjee et al. 2010; Meng
et al. 2006; Zhao et al. 2008; Xu et al. 2010). However, the
applicability of nZVI is cumbersome due to its oxidative nature
and aggregation potential (Phenrat et al. 2006; Devi and Saroha
2014). Thus, if composited with biochar, nZVI may get stabi-
lized, consequently resulting in lower agglomeration and more
feasible applicability. Therefore, modification of biochar with
nZV], silica, and/or zeolite may alter the functional groups on
the surface of biochar resulting in enhanced H-bonding, cova-
lent binding, and 7t-7t electron donor—acceptor interactions sub-
sequently resulting in higher adsorption (Mohan et al. 2014;
Wang et al. 2017). However, up to the best of our knowledge,
the efficiency of the engineered biochar composites with nZVI,
silica, or zeolite for CTC adsorption has not been reported yet.
Therefore, we proposed that modification of biochar using
nZVI, silica, or zeolite minerals could produce efficient
engineered biochars with improved adsorption characteristics.
Thus, engineered biochars with nano-zerovalent iron, silica,
and zeolite were produced and characterized in this study.
Furthermore, the efficiency of the engineered and pristine bio-
chars for the removal of CTC from aqueous solutions was in-
vestigated, and the operating adsorption mechanisms were in-
vestigated by employing various isotherms and kinetics models.

Materials and methods
Biochar production

Date palm tree waste was collected and washed with de-
ionized water to remove dust and other impurities. After air
drying, the leaflets were separated from the stem, cut into
small pieces, grinded with a mechanical grinder, and
passed through a 0.6-mm screen. This biomass was further
milled in a ball mill (Fritsch Pulverisette 7, Germany) at
800 rpm for 20 min. A weighed amount of the ball-milled
date palm biomass (DBM) was placed in a crucible, loose-
ly covered, and pyrolyzed (5 °C per min) at 600 °C for 3 h
in a tube furnace (Carbolite, type 3216, UK) in oxygen-
limited environment. After pyrolysis, the crucible was
placed in a desiccator for half an hour for cooling and to

remove moisture. The weight of the produced biochar was
recorded and yield was calculated using Eq. 1.

Yield (%) = weight of biomass—weight of biochar

100 (1
weight of biomass . (1)
The produced biochar was washed thrice with deionized

water, grinded, stored in airtight containers, and labeled as
DBC.

Engineered nano-zerovalent ion—-composited biochar
synthesis

Date palm waste—derived biochar (DBC) was composited with
nano-zerovalent iron (nZVI) by following the procedure report-
ed by Ahmad et al. (2018a). Briefly, 100 mL of 1 M
FeS0O4.7H,0 solution was prepared in 4:1 (v/v ration)
ethanol:deionized water solution and poured in a three-neck
flask. 5.6 g of DBC was added into the flask and pH was
adjusted at 5 using 5 N H,SO,. The suspension was stirred
vigorously for 2 h initially and then purged with N, for 1 h
during stirring. One hundred milliliters of 2 M NaBH, solution
was added drop-wise into the flask under continues stirring and
N, supply. The immediate reaction took place evolving the H,,
and black nano-zerovalent iron (Fe°) particles started to accu-
mulate on DBC matrix. After completion of the reaction, 1.12 g
chitosan in 2% CH3COOH solution was added. The suspen-
sion was stirred for another 30 min, and 100 mL of 1.2% NaOH
solution was poured under gentle stirring. The N, supply was
stopped; flask was air-tightened and kept overnight. The next
day, the solid precipitates were separated, washed several times
with ethanol to remove surplus sulfate and iron, dried in
oxygen-free environment, and labeled as nZVI-DBC.

Engineered mineral-composited biochars synthesis

The DBC mineral composites were engineered according to
the procedure adopted by Ahmad et al. (2017). The DBM was
treated with silica and zeolite minerals prior to pyrolysis. The
silica was washed with 10% HCI, 30% H,O, solutions, and
deionized water to remove organic matter, carbonates, and
other impurities, and dried in an oven. Zeolite (clinoptilolite
25523: purchased from San Bernardino Co. PO Box. 591
Clarkson, NY) was grinded and passed through a 0.6-mm
sieve. The prepared silica and zeolite minerals were milled
in a ball mill at 800 rpm for 20 min. Four grams of milled
silica (S) or zeolite (Z) was added into 1 L deionized water and
sonicated (Sonics Vibra-Cell VCX-500 Ultrasonic Processor)
for 30 min at 35 amp. The suspension was placed on a stirrer;
20 g of DBM was added and stirred for 3 h. The silica- or
zeolite-impregnated biomass was separated from the
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suspension and dried in an oven at 80 °C. After drying,
weighed amount of solid material was placed in a crucible,
loosely covered, and pyrolyzed (5 °C per min) in a tube fur-
nace at 600 °C for 3 h in oxygen-limited environment. After
the material cooled down, it was weighed to calculate yield
according to Eq. 1 (after correction of silica and zeolite
weights), washed thrice with deionized water, and dried in
an oven. Silica- and zeolite-composited biochars were labeled
as S-DBC and Z-DBC, respectively.

Characterization of engineered biochars

The proximate analyses such as moisture, volatile matter,
and ash contents in the biochars were determined by the
standard methods provided by ASTM D1762-84 (ASTM
1989), whereas the resident matter (fixed carbon) was cal-
culated using the difference method. The pH of the bio-
chars was determined in 1:10 (w/v ratio) of material to
deionized water suspension. Cation exchange capacity
(CEC) was measured using the method described by
Richard (1954). The pH at point of zero charge (pHpzc)
was estimated by using 0.01 M NaCl in an initial pH range
of 2-12 (Usman et al. 2015).

The scanning electron microscope (SEM; EFI S50 Inspect,
Netherlands) was used to observe the structural changes and
surface morphology of the biochars. Briefly, a few particles of
the material were scattered on the aluminum stubs coated with
adhesive carbon tape (12 mm; PELCO, UK) and coated with
nano-gold particles for 60 s via 108 Auto/SE Sputter Coater
(Ted Pella Inc., USA). Images of the material were taken with
different magnifications at 30 kV voltage under high vacuum.
The thermogravimetric analyzer (TGA-DTG-60H, Shimadzu,
Japan) was used to analyze the thermal stability of the bio-
chars in a temperature range of 0—1100 °C. The Fourier trans-
form infrared spectroscopy (FTIR; Bruker Alpha-Eco ATR-
FTIR, Bruker Optics Inc.) was used to observe the composi-
tion of structural and functional groups in the biochars. X-ray
diffractometer (MAXima_ X XRD-7000, Shimadzu, Japan)
was used to analyze the mineralogical phases of the produced
biochars. The Brunauer-Emmett—Teller (BET; TriStar II
3020, Micromeritics, USA) method was used to analyze the
surface area, total pore volume, and pore diameter. The
CHNSO elemental analyzer (series II, PerkinElmer, USA)
was used to assess the elemental composition. The percent
carbon (C), nitrogen (N), hydrogen (H), and sulfur (S) content
was analyzed with the CHNSO analyzer directly, while oxy-
gen (O) was calculated using Eq. 2 and atomic ratios of O/C
and H/C were calculated.

O (%) = 100-[C (%) + H (%) + N (%) + S (%) + ash (%)]
(2)
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Equilibrium adsorption experiments

Date palm—derived biochar and its composites were tested
for their efficiency to remove chlortetracycline (CTC) from
the aqueous solution by isotherm sorption batch-type ex-
periments. A stock solution containing 500 mg CTC L™
was prepared in methanol, which was further diluted in
deionized water (18.2 MQ) cm! resistivity; Milli-Q,
Germany) to prepare working solutions of 0, 5, 10, 20,
50, and 100 mg CTC L', The pH of the working solution
was adjusted at 5 using HC1 and NaOH. Twenty-five mil-
liliters of each working solution was added into polypro-
pylene conical tubes, and the produced materials were
suspended separately in tubes at the rate of 1 g L™'. After
shaking at 150 rpm for 24 h at room temperature (23 +
2 °C), the solutions were filtered by 0.45 um syringe fil-
ters. Three replications of each biochar including a blank
were performed. The equilibrium concentration of CTC in
the solution was analyzed by high-performance liquid
chromatography (HPLC; Prominence-i, LC-2030C,
Shimadzu, Japan), equipped with an auto-sampler (high-
speed drive LC-2030), a PDA detector, a pump (low-pres-
sure gradient solvent delivery LC-2030), and a degasser
unit. The equipment was also equipped with a reversed-
phase Raptor C18 column (100 mm x 21 mm, 2.7 um par-
ticle size, Restek Corporation, USA). The mobile phase A
consisted of ultrapure water and formic acid solution
(99.9:0.1 v/v ratio), while the mobile phase B consisted
of HPLC grade acetonitrile and formic acid (99.9:0.1 v/v
ratio). The gradient flow consisted of 70% of mobile phase
A and 30% of mobile phase B. The CTC was detected at
254 nm wavelength with a flow rate of 0.15 mL min~' and
a total injection volume of 10 pL. The calibration curve of
CTC concentration versus absorbance was developed by
using analytical grade CTC standards between the ranges
of 0 and 20 mg L™". The R? obtained from the calibration
curves was > 0.98. For quality assurance, CTC standards
were fed as unknown samples and observed that the recov-
ery was 94.87-103.25%.

The amount of CTC sorbed onto the material was calculat-
ed using Eq. 3 (Ok et al. 2007).

4. = {CO_CE} X v (3)

where C, and C, are the initial and equilibrium concentra-
tions of CTC (mg L"), g, is the amount of CTC sorbed
(mg gfl), m is the mass of material (g), and v is the volume
of solution (L).

To investigate the efficiency of the biochars for the adsorp-
tion of CTC, nonlinear forms of the Freundlich, Langmuir,
Redlich—Peterson, Temkin, and Dubinin—Radushkevich
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equations (Egs. 4, 5, 6, 7, and 8, respectively) were applied
(Ahmad et al. 2013; Redlich and Peterson 1959).

q.=KrC/" (4)
_ QLCeKL
de = 1 +KLC€ (5)
AC,
=T pcE ©)
RT
9. = —-In(AC) (7)
1\12
q. = ¢pexp (—BD {RTln (1 + F)] (8)

where K is the Freundlich sorptive affinity parameter
(L g "), 1/n is the Freundlich component related to linear-
ity, O, is the Langmuir maximum adsorption capacity
(mg g "), K, is the Langmuir sorption equilibrium constant
(L mg "), A and B are the Redlich-Peterson equation con-
stant (L g ' and (L mg "), respectively), and g is the ex-
ponent having the value between 0 and 1. A is the binding
constant (L mg '), b is the heat of adsorption, ¢, is the
maximum adsorption capacity of the adsorbent (mg g ),
and Bp is the mean free energy of sorption used to calcu-
late the bonding energy (£) for the ion-exchange mecha-
nism according to Eq. 9.

E =

LR ©)

Langmuir separation factor (R;), as given in Eq. 10, was
used to assess the favorability of CTC adsorption onto the
biochars.

1

R =———
1+K;C,

(10)

The coefficient of determination (R?) was calculated by
using Eq. 11 to determine the closeness between the experi-
mental adsorption data and the model predicted data (Ahmad
et al. 2018b).

o 2
(qem_Qec)

R? =
2\ emec) + (Gem9ee)

(11)

where ¢, and q.,, are the calculated and measured amounts of
CTC sorbed (mg g ') onto the biochars at equilibrium.

Kinetics adsorption experiments

Kinetics adsorption experiments were conducted to investi-
gate the rate of CTC adsorption onto the produced biochars.
A working solution containing 100 mg CTC L™ was prepared
in deionized water using the stock solution (500 mg L™ in
methanol), and the pH was adjusted at 5. The biochars were
suspended in 25 mL of the working solution in a polypropyl-
ene conical flask at the rate of 1 g L', and shaken on a
mechanical shaker at 150 rpm at room temperature (23 +
2 °C). The mixtures were withdrawn from the shaker after 0,
60, 120, 180, 360, and 720 min, and the solutions were sepa-
rated from the biochars and filtered through 0.45 um syringe
filters. Three replications of each material and a control (with-
out biochars) were also included. The concentration of CTC in
the filtrates was analyzed by HPLC. Amount of CTC sorbed
onto per unit mass of the material was calculated using Eq. 3.
The CTC removal percentage was calculated by using Eq. 12.

Coict

o

Removal% = [ } x 100 (12)

To predict the mechanism for CTC adsorption onto the
DBC and engineered composites (nZVI-DBC, S-DBC, and
Z-DBC), various kinetic models such as first-order, second-
order, pseudo-first-order, pseudo-second-order, Elovich, pow-
er function, and intraparticle diffusion (Eqgs. 13, 14, 15, 16, 17,
18, and 19, respectively) were applied (Ahmad et al. 2018b).

Ing, = Ing,—k ¢ (13)
1 1
— = ——kot 14
9 4 ( )
In(g,~q,) = Ing,~k\t (15)
t 1 1
—=——+—t (16)
9, kzqg qe

1 1
Ing, = Inb + k(Inz) (18)
q, = c + kigt®? (19)

where ¢, and ¢, are the amounts of CTC sorbed (mg g ') at
time ¢ and time 0 (min), respectively, ¢ is the time interval, &,
and k, are the first- and second-order rate constants, respec-
tively, ¢, is the adsorption capacity at equilibrium (mg g "), &1’
and k' are the pseudo-first- and pseudo-second-order rate
constants, respectively, « is the initial adsorption rate
(mg g ' min™"), 3 is the adsorption constant, b is the rate
constant, kyis the rate coefficient value (mg g_1 min "), ki is
the apparent diffusion rate constant (in [mg g '1*°), and c is
the diffusion constant.
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The standard error of estimate (SEE) and the coefficient of
determination (R®) were calculated by using Eqgs. 11 and 20,
respectively, to determine the closeness between the experi-
mental adsorption data and the model predicted data (Ahmad
et al. 2018D).

SEE = Z?:l (qem_qec)z (20)

where ¢,,, and ¢, are the measured and calculated CTC ad-
sorption capacities (mg g ') of the biochars, and 7 is the num-
ber of measurements.

Results and discussion
Characterization

Proximate, chemical analyses, surface area, and elemental
composition

Proximate composition, elemental composition, chemical
analyses, and surface area analyses of the date palm waste—
derived biochar and its derived composites are presented in
Table 1. After excluding the contribution of the mineral silica
and zeolite, S-DBC and Z-DBC exhibited 37% and 32% more
yield compared with DBC, suggesting that the mineral com-
posites of biochar were more resilient to thermal decomposi-
tion. The moisture contents reduced with pyrolysis from

4.77% in DBM to 1.58% in DBC due to volatilization and
thermalization, which further reduced to 0.73% and 0.00% in
S-DBC and Z-DBC, respectively, while increased in nZVI-
DBC. The volatiles were reduced from 66.36% in DBM to
10.05% in DBC. The nZVI-DBC composite showed the
highest volatiles among all the composites, i.e., 18.88%, while
the lowest were exhibited by S-DBC followed by Z-DBC
(7.59% and 10.87%, respectively). The volatiles are generally
considered as an indication of biochar stability (Usman et al.
2015); therefore, lower volatiles in S-DBC suggested higher
stability of this composite.

It was interesting to notice that fixed carbon contents in-
creased with pyrolysis from 20.50% in DBM to 50.10% in
DBC, which further increased to 24.91% and 31.22% in Z-
DBC and S-DBC, respectively (excluding the contents of the
silica and zeolite minerals), while it reduced to 10.64% when
composited with nZVI. The lowest fixed carbon might be due
to the presence of graphene and Fe;C contents in nZVI-DBC
composite which remained undecomposed and therefore were
confused with the ash contents. The ash contents increased
with pyrolysis from 8.36% in DBM to 38.27% in DBC, which
further increased to 60.87%, 60.46%, and 64.22% in nZVI-
DBC, S-DBC, and Z-DBC, respectively (excluding the con-
tents of silica and zeolite minerals in S-DBC and Z-DBC
composites, respectively). It has already been established that
the ash contents increased with pyrolysis, due to formation
and/or condensation of mineral compounds (Ozcimen and
Ersoy-Mericboyu 2010; Sun et al. 2014). The pH of the

Table 1  Proximate, chemical, surface area, pore size, and pore volume analyses and elemental composition with their molar ratio results of date palm
tree leaves waste biomass and its derived biochars

Parameters Unit DBM DBC nZVI-DBC S-DBC Z-DBC
Yield % - 31.78£4.78 - 43.54+£2.27 41.83+£4.27
Moisture % 4.77+0.03 1.58+0.75 3.96+0.08 0.73+0.10 0.00£0.00
Volatiles % 66.36£5.53 10.05+1.49 18.88 +1.23 7.590+0.21 10.87+1.28
Fixed carbon % 20.50+£5.72 50.10+£0.98 10.64+3.51 31.22+0.32 24.91+1.37
Ash % 8.360+0.21 38.27+1.26 60.87+7.31 60.46 £0.02 64.22+0.09
pH 1:10 5.95+0.03 10.1+£0.02 6.15+0.02 8.85+0.04 9.37+0.01
Cation exchangeable capacity cmol kg™ 66.01 +0.00 57.83+13.26 72.55+3.95 41.27+0.84 86.43 +0.65
Surface area m’ g’ 0.393 198.36 220.92 124.73 134.77
Pore size nm 28.42 5.614 5.819 6.023 9.843

Total volume in pores em® g 0.00021 0.1069 0.06082 0.054 0.06075

C % 41.21 75.59 8055 74.64 73.03

H % 723 4.89 11.09 1.35 13.36

N % 2.89 0.00 1.38 0.00 0.00

¢} % 48.67 19.51 4.19 24.01 13.61

S % 0.00 0.00 0.00 0.00 0.00

o/C - 0.89 0.19 0.043 0.24 0.14

H/C - 2.09 0.77 1.64 0.22 2.18

DBM, date palm waste biomass; DBC, date palm waste—derived biochar; nZVI-DBC, date palm waste—derived biochar composite with nano-zerovalent
iron; S-DBC, date palm waste—derived biochar composite with silica; Z-DBC, date palm waste—derived biochar composite with zeolite

@ Springer



Environ Sci Pollut Res

DBM (5.95) increased almost twofold in DBC (10.10), while
3 and 4 unite in S-DBC and Z-DBC, respectively, with pyrol-
ysis due to lower acid functional groups and condensation of
basic functional groups (Ahmad et al. 2018c). However, the
pH of the composites was lower than that of the DBC. The
lowest pH of nZVI-DBC (6.15) could be due to several wash-
ings which were performed during its synthesis, which might
have washed out all the soluble basic cations (Ahmad et al.
2017). The CEC of the DBM reduced from 66.01 cmol kg ' to
57.83 and 41.27 cmol kg ' in DBC and S-DBC, respectively.
This reduction in CEC might be due to loss of surface func-
tional groups and increased carbon aromaticity during pyrol-
ysis (Joseph et al. 2010). The highest CEC was noticed in Z-
DBC (86.43 cmol kg™ '), followed by nZVI-BC
(72.55 cmol kg ') composites, which might be due to the
presence of zeolite and nanoscale iron particles in the matrix,
respectively (Ahmad et al. 2017)

Surface area, pore size, and pore volume analyses results of
the biochars have also been shown in Table 1. The nZVI-DBC
showed the highest BET surface area (220.92 m* g ') among
all the biochars, followed by DBC (198.36 m’ gfl), while S-
DBC and Z-DBC exhibited lowest surface area (124.73 and
134.77 m* g ', respectively) compared with DBC alone. The
highest surface area of nZVI-DBC was due to the presence of
Fe? particles in the biochar matrix, while the lower surface
area of S-DBC and Z-DBC was due to the blockage of pores
in the biochar matrix with silica and zeolite particles (Ahmad
et al. 2017, 2018a). Pore size reduced from 28.420 nm in
DBM to ~5-10 nm in biochars due to condensation of aro-
matic structure and loss of volatiles. The total volume in pores
was lower in the composite biochars (0.06082, 0.0500, and
0.06075 cm® g ' in nZVI-DBC, S-DBC, and Z-DBC, respec-
tively) compared with the biochar (0.10690 cm® g™ '). The
reduction in the pore volume in the composite biochars could
be due to the blockage of mesopores with Feo, silica, and
zeolite particles (Rawal et al. 2016). The elemental composi-
tion of the biochars showed that the carbon (C) contents in-
creased with the pyrolysis from 41.21% in DBM to 75.59% in
DBC due to carbonization. It was interesting to observe that
the C contents in S-DBC and Z-DBC remained comparable
(74.64% and 73.03%, respectively) to that in DBC, while
increased slightly in nZVI-DBC (80.55%). The contents of
H reduced with pyrolysis in DBC and S-DBC, while increased
in Z-DBC and nZVI-DBC, which could be due to the bonding
of H with minerals. Likewise, the N and O contents reduced
with thermalization of the DBM, which could be due to loss of
the functional groups as a result of dehydration and depoly-
merization (Al-Wabel et al. 2013). The O/C molar ratios indi-
cated that all biochar-based materials possess the lower values
compared with DBM, suggesting a decrease in hydrophobic-
ity and surface polarity with pyrolysis. The lowest H/C molar
was exhibited by S-DBC, suggesting the higher aromatic na-
ture of the composite (Usman et al. 2015). The surface polarity

and aromaticity of the biochar-based composites have been
presented with van Krevelen diagram (Fig. S1 in the
Supplementary Material), indicating that the biochar-based
materials possessed lower O/C ratios suggesting higher stabil-
ity than the DBM.

Ultimate analyses

The surface morphology as indicated by the SEM images
(Fig. 1a—e) represented the formation of channelized surface
of the biochar composites as a result of pyrolysis. The rod-like
structures on nZVI-DBC represented the presence of Fe’ par-
ticles onto biochar matrix, while the presence of silica and
zeolite mineral particles was also observed on the surface of
S-DBC and Z-DBC, respectively. The variation in the miner-
alogical phases of the biochars was investigated with XRD
(Fig. 2a, b). A sharp peak in DBM at 26 =21.48 was desig-
nated as mellite (Al,[Cs(COO)].16H,0), which reduced to
its minimum in all the composited biochars. Likewise, the
peaks ascribed as calcite (CaCOj) and sylvite (KCl) in DBM
were also reduced after pyrolysis. The peaks at 26 =44 and 63
in nZVI-DBC confirmed the presence of Fe particles (Ahmad
et al. 2018a). A small peak of graphene was also detected at
26 =18.5innZVI-DBC. The peaks at 20 =9.82, 11.14, 19.06,
and 22.29 were designated as clinoptilolite (zeolite) in Z-
DBC. The peaks at 260 =20.88 and 26.68 were designated as
SiO,, while a peak at 26 = 50.18 was designated as feldspar in
S-DBC. The FTIR spectra of the synthesized composites are
presented in Fig. 2¢. A broad band in DBM at 3300 cm™' was
ascribed as O—H stretches of H-bonding of the water mole-
cules, which vanished with pyrolysis. Likewise, two bands
around 2900 cm ™' in DBM were designated as O—H and ali-
phatic C—H stretches, which were lost during pyrolysis. A
band at 1089 cm ! in all the biochars (except nZVI-DBC)
was due to C—O—C stretches (polysaccharide cellulose). The
bands around 3300 and 1625 cm ™' in nZVI-DBC were due to
N-H stretches (due to the presence of chitosan). The presence
of Fe” nanoparticles in nZVI-DBC was confirmed with a
sharp band at 3426 cm™' due to the presence of stretching
vibration of —OH, suggesting the formation of ferric
oxyhydroxide (FeOOH) layer on Fe nanoparticles (Singh
et al. 2011). A band at 777 cm ' in S-DBC was ascribed
as Si—O. A band representing clinoptilolite (Na, K, Ca),_
3Al3(Al,Si)zsi1303(,.12H20 due to TO4 (tetrahedral) of Al-
Si was overlapped at 1089 cm™' in Z-DBC. Thermal de-
gradability of the biochars as assessed through TGA ther-
mograms is presented in Fig. S2. Weight loss around
200 °C was due to the loss of non-structural free water,
while from 300 to 400 °C was due to the decomposition
of cellulosic and hemicellulosic compounds (Yang et al.
2007). The complete weight loss due to the degradation
of lignin occurred around 650-800 °C for nZVI-DBC, S-
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Fig. 1 Scanning electron microscope (SEM) images of a date palm
waste—derived biomass (DBM), b date palm waste—derived biochar
(DBC), ¢ date palm waste—derived biochar composite with nano-
zerovalent iron (nZVI-DBC), d date palm waste—derived biochar com-
posite with silica (S-DBC), e date palm waste—derived biochar composite
with zeolite (Z-DBC), f date palm waste—derived biochar (DBC) after

DBC, and Z-DBC, while at 900 and 1010 °C for DBM and
DBC, respectively (Hernandez-Mena et al. 2014).

Equilibrium CTC adsorption

The efficacy of the engineered and pristine biochars for CTC
adsorption was evaluated in equilibrium batch adsorption ex-
periments. The nonlinear forms of Langmuir, Freundlich,
Temkin, Dubinin—Radushkevich, and Redlich—Peterson iso-
therms were employed to evade the errors, and the resultant
adsorption isotherms are presented in Fig. 3. It is obvious in all

@ Springer

CTC (chlortetracycline) adsorption, g date palm waste—derived biochar
composite with nano-zerovalent iron (nZVI-DBC) after CTC adsorption,
h date palm waste—derived biochar composite with silica (S-DBC) after
CTC adsorption, and i date palm waste—derived biochar composite with
zeolite (Z-DBC) after CTC adsorption

the isotherms that the CTC adsorption increased with increase
in initial solution concentration until equilibrium (Ahmad
et al. 2018a, b). The nZVI-DBC exhibited H-type (high-
affinity) isotherm suggesting a strong adsorbent-adsorbate in-
teractions, while the other sorbents demonstrated L-type iso-
therm suggesting less availability of the active sites (Ahmad
et al. 2018b). Overall, the five isotherms presented a similar
trend for CTC adsorption following the order of nZVI-DBC >
S-DBC > Z-DBC > DBC. The isotherm parameters obtained
from nonlinear regressions are provided in Table 2. All the
employed models exhibited good fitness with R*>0.78;
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Fig. 2 X-ray diffraction patterns (a and b) and Fourier transform infrared zerovalent iron), S-DBC (date palm waste—derived biochar composite
spectroscopy spectra (¢) of DBC (date palm waste—derived biochar), with silica), and Z-DBC (date palm waste—derived biochar composite
nZVI-DBC (date palm waste—derived biochar composite with nano- with zeolite) (G: graphene, M: mellite, S: sylvite, C: calcite, H: halite)

however, the Langmuir and Redlich—Peterson isotherms (12.536 1 molfl), followed by S-DBC (6.476 J molfl), Z-
showed the highest fitness to the adsorption data by generating ~ DBC (4.688 J mol™ '), and DBC (3.155 J mol ).
the highest R? values in the range of 0.88-0.98 and 0.88-0.99, Furthermore, the Dubinin—Radushkevich-predicted maxi-
respectively, compared with the rest of the isotherms. The =~ mum CTC adsorption capacities (Qp) were highest for
Langmuir isotherm—predicted maximum CTC adsorption ca- nZVI-DBC (72.369 mg g~ '), followed by S-DBC
pacities (Q;) of the engineered biochars were 89.05, 45.57,  (40.941 mg g '), Z-DBC (29.430 mg g '), and DBC
30.42,and 28.19 mg g’ fornZVI-DBC, S-DBC, Z-DBC,and  (24.569 mg g '), while the bonding energies (E) for all the
DBC, respectively, suggesting the nZVI-DBC as the most  engineered biochars were less than 8 kJ g”'. Further, the fa-
efficient sorbent for CTC among the tested biochars. The  vorability for the adsorption of CTC onto the engineered bio-
Freundlich isotherm—predicted sorptive affinity (Kr) followed  chars was tested with the help of Freundlich-predicted 1/n
the same order giving the highest value for nZVI-DBC (component related to linearity) and Langmuir-predicted R;,
(25.665 L gfl), followed by S-DBC (17.005 L gfl), Z-DBC (separation factor). It has been established that R; =0 indi-
(12310 L g "), and DBC (8.146 L g '), suggesting the highest ~ cates irreversible, 0 <R, < 1 indicates favorable, R, = 1 indi-
adsorption onto nZVI-DBC due to the greater availability of  cates linear, and R; > 1 indicates unfavorable isotherm
adsorption sites. (Mohan et al. 2011). In the current study, the R; values ranged

As the Redlich—Peterson equation integrates the features of ~ from 0.008 to 0.547 suggesting a favorable adsorption of CTC
both Freundlich and Langmuir, it can be employed either for ~ onto the engineered biochars (Fig. S3). It was noticed that any
heterogeneous or homogenous systems (Foo and Hameed  increase in initial CTC concentrations has resulted in reduc-
2010). The best fit of the Redlich—Peterson model also sug-  tion of R; values. Specifically, the calculated R; values for
gested that multiple mechanisms were involved in the CTC  tested initial concentrations were in the range of 0.026—
adsorption onto engineered biochars (Liu et al. 2010). The 0.340, 0.016-0.243, 0.008-0.141, and 0.058-0.547 for
Redlich—Peterson-predicted g values were in the range of  nZVI-DBC, S-DBC, Z-DBC, and DBC, respectively. It is
0.533-0.992, suggesting that the imitation for Langmuir iso-  clear from the presented results that R; values for all the bio-
therm was more than Freundlich. The nZVI-DBC showed the =~ chars were less than unity, suggesting a favorable adsorption
lowest value of g, suggesting higher CTC adsorption, whichis  process. Likewise, 1/n ranged between 0.249 and 0.484 for all
also in agreement with Langmuir and Freundlich isotherms.  the biochars, suggesting that the sorptive affinity was favor-
The higher heat of adsorption (b) as predicted by Temkin  able for the adsorption of CTC onto all the tested biochars due
isotherm was seen in the case of nZVI-DBC  to the strong bonding of CTC and sorbents (Ahmad et al.
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Fig. 3 CTC (chlortetracycline) adsorption isotherms fittings on a
Langmuir, b Freundlich, ¢ Redlich—Peterson, d Temkin, and e Dubinin—
Radushkevich models by date palm waste—derived biochar (DBC), date
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palm waste—derived biochar composite with nano-zerovalent iron (nZVI-
DBC), date palm waste—derived biochar composite with silica (S-DBC),
and date palm waste—derived biochar composite with zeolite (Z-DBC)
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Table 2 Nonlinear parameters of

Langmuir, Freundlich, and Isotherms Parameters nZVlI- S-DBC Z-DBC DBC

Redlich—Peterson isotherms indi- DBC

cating CTC (chlortetracycline) ] B

adsorption onto date palm waste— Langmuir O, (mgg) 89.05 45.57 30.42 28.19

derived bigchar (DBC), date pa!m K, Lgh 0.388 0.624 1.219 0.165

W?steﬂierlved blochar composite R 0.96 0.98 0.96 0.88

with nano-zerovalent iron (nZVI- ) 4

DBC), date palm waste—derived Freundlich Kr@L g 25.664 17.005 12.310 8.146

biochar composite with silica (S- 1/n 0.484 0.285 0.249 0.287

DBC), and date palm waste— & 0.98 091 0.92 0.90

derived biochar composite with . 1

zeolite (Z-DBC) Redlich—Peterson AlLg)) 0.304 21.884 40.812 5.514
B (L mg ") 49.820 0.304 1.812 0.255
g 0.533 0.992 0.929 0913
R’ 0.98 0.99 0.96 0.88

Temkin b (J mol™") 12.536 6.476 4.688 3.155
ALgh 18.174 25.017 18.663 30.403
R’ 0.94 0.94 0.94 0.78
Dubinin—Radushkevich Op(mggh 72.369 40.941 29.430 24.569

EMIgh 0.0019 0.0008 0.0003 0.008
R’ 0.90 0.96 0.96 0.80

2018a, b). These results suggested that all the investigated
biochars were suitable for the removal of CTC from aqueous
solutions. The nZVI-DBC was found to be the most efficient
engineered biochar with highest CTC adsorption efficiency.

Kinetics CTC adsorption

Kinetics sorption batches were performed at a constant tem-
perature to investigate the rate of CTC adsorption onto the
engineered biochars, and the dynamics of adsorption are pre-
sented in Fig. 4. Three adsorption stages, i.e., rapid, relatively
slow, and equilibrium, are obvious in the dynamics of CTC
adsorption. The rapid adsorption stage exhibited the highest
CTC adsorption during initial 180 min, by removing 90%,
43%, 30%, and 21% CTC through nZVI-DBC, S-DBC, Z-
DBC, and DBC, respectively. During the relatively slow stage
(180 to 360 min), nZVI-DBC, S-DBC, Z-DBC, and DBC
removed 97%, 63%, 29%, and 28% of CTC, respectively.
The nZVI-DBC was found to be the most efficient sorbent
removing 98% CTC, followed by S-DBC (68%), Z-DBC
(35%), and DBC (36%) after 360 min (equilibrium stage).
The kinetics adsorption data was subjected to kinetics models
such as first-order, second-order, pseudo-first-order, pseudo-
second-order, Elovich, power function, and intraparticle dif-
fusion. The estimated error functions of these models
(Table 3) indicated their appropriateness for the adsorption
of CTC onto the tested biochars (except first- and second-
order). Based on the R? values, power function, intraparticle
diffusion, and Elovich were the most appropriate, while first-
and second-order were inappropriate models for CTC adsorp-
tion onto the tested biochars. However, pseudo-first-order and
pseudo-second-order models were more appropriate for S-

DBC, Z-DBC, and DBC compared with nZVI-DBC.
Likewise, SEE was found to be the lowest for power function,
intraparticle diffusion, Elovich, pseudo-first-order, and
pseudo-second-order models compared with first- and
second-order models. The parameters derived from the kinet-
ics models are presented in Table 4. The nZVI-DBC exhibited
highest rate constant (b = 0.20), followed by Z-DBC (0.11), S-
DBC (0.05), and DBC (—0.19) as predicted by power func-
tion. Likewise, the highest diffusion constant (¢) was demon-
strated by nZVI-DBC (8.88), followed by Z-DBC (3.15), S-
DBC (0.10), and DBC (— 1.68). Elovich-predicted rate con-
stant (3) was highest for S-DBC (— 6.51) followed by nZVI-
DBC (—5.13). As the rate constants determine the time for a
reaction completion, therefore, highest rate constants of nZVI-
DBC suggested that it required shorter time to sorb CTC com-
pared with the other tested biochars. The initial adsorption
rates as predicted by pseudo-second-order (%) and Elovich
(o) models have followed the similar trend by generating the
highest value for nZVI-DBC (5.76 and 11.5 mg g ' min ",
respectively), followed by S-DBC (0.44 and
7.80 mg g ' min', respectively), Z-DBC (0.44 and
3.84 mg g_1 min_l, respectively), and DBC (0.13 and
241 mg g ' min", respectively). The maximum adsorption
capacities (g.) were in the order of nZVI-DBC, S-DBC, Z-
DBC, and DBC, which were in correspondence with the
Langmuir and Freundlich isotherms.

The rate coefficient (kp) values as estimated from power
function model were highest for nZVI-DBC
(0.70 mg g ' min~ '), followed by S-DBC
(0.63mg g ' min"), Z-DBC (0.52 mg g ' min""), and DBC
(0.51 mg g~ min "), suggesting increase in CTC adsorption
onto these biochars with time. Similar to other parameters, the
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Fig. 4 CTC (chlortetracycline) 80
adsorption kinetics onto date
palm waste—derived biochar
(DBC), date palm waste—derived
biochar composite with nano-
zerovalent iron (nZVI-DBC), date
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and date palm waste—derived
biochar composite with zeolite
(Z-DBC)

P [=2]
(=] o
1 1

Amount of CTC sorbed {(mg g'1)
N
o

0

highest apparent diffusion rate constant (k;;) was exhibited by
nZVI-DBC (2.83 [mg g ']7%?), followed by S-DBC (2.15
[mg g '17%), DBC (1.08 [mg g ']%%), and Z-DBC (0.95
[mg g '17%), suggesting a quick adsorption of CTC onto
nZVI-DBC due to interaparticle diffusion process. Hence,
based on adsorption dynamics, power function, interaparticle
diffusion, and Elovich models best described the adsorption
kinetics of CTC onto the tested biochars. Moreover, nZVI-
DBC exhibited the highest rate constants, initial adsorption
rates, and apparent diffusion rate constants compared with
other tested biochars.

Mechanism for CTC removal

Various kinetics and empirical models were used to under-
stand the mechanism of CTC adsorption by using the
engineered biochars. The best fitness of the Redlich—
Peterson model suggested that both the Langmuir and
Freundlich isotherms were applicable for the CTC adsorption
data. The closeness of experimental data with Langmuir-

Table 3  Standard errors of estimate (SEE) of kinetic models for CTC
(chlortetracycline) adsorption onto date palm waste—derived biochar
(DBC), date palm waste—derived biochar composite with nano-

—
4 nzVvi-DBC
m  SDBC
x Z-DBC
# DBC
100 200 300 400 500 600 700
Time (min)

modeled data suggested mono-layer coverage of CTC onto
homogenous surface of the biochars, while the closeness with
Freundlich-modeled data suggested multi-layer CTC adsorp-
tion onto the biochars onto heterogeneous surface of the ma-
terial (Ahmad et al. 2018a, b). Additionally, mono- and multi-
layer adsorptions were aided by the best fitness of Redlich—
Peterson model, which combines the benefits of both the
Langmuir and Freundlich isotherms. The porous structure of
the biochars further facilitated the physical adsorption of CTC
as indicated by the Dubinin—Radushkevich isotherm.
However, it was noticed that the bonding energies (£) were
less than 8 kJ g' for all the biochars, suggesting that ion-
complexation mechanism was not involved in the adsorption
process (Ho et al. 2002). This adsorption process was further
supported by best fit of Temkin isotherm, which assumes
chemisorption of an adsorbate onto the adsorbent. To further
investigate the operating adsorption mechanism, adsorption
dynamics data was used. The adsorption of CTC was well
described by power function, Elovich, and interaparticle dif-
fusion models. The best fitness of power function model (R

zerovalent iron (nZVI-DBC), date palm waste—derived biochar compos-
ite with silica (S-DBC), and date palm waste—derived biochar composite
with zeolite (Z-DBC)

Sorbent First-order ~ Second-order Pseudo-first-order ~Pseudo-second-order Elovich Intraparticle diffusion Power function
R* SEE R* SEE R? SEE R? SEE R* SEE R? SEE R* SEE
nZVI-DBC 034 0.003 0.02 0485 0.84 40x10° 033 28x10* 089 58x10° 085 1.6x10° 096 2.8x10°
S-DBC 0.45 0.004 0.07 0.019 082 34x10% 090 1.6x10* 079 13x10* 094 19x10° 099 1.9x107
7Z-DBC 038 0.011 0.01 0.192 079 35x107 098 27x10° 094 39x10* 090 1.0x10°> 098 0.652
DBC 0.62 0.028 0.11 0299 095 18x10* 0.70  0.010 056 44x10% 096 95x10% 093 50x107°
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Table 4  Standard errors of estimate (SEE) of kinetic models for CTC
(chlortetracycline) adsorption onto date palm waste—derived biochar
(DBC), date palm waste—derived biochar composite with nano-

zerovalent iron (nZVI-DBC), date palm waste—derived biochar compos-
ite with silica (S-DBC), and date palm waste—derived biochar composite
with zeolite (Z-DBC)

Sorbent First-order Second-order Pseudo-first-order Pseudo-second-order Elovich Intraparticle diffusion Power function
ky ky k1, qe sz qe h a g kia c k/ b
nZVI-DBC 3.6x10° 1.0x107° -62x107° 3.83 1.0x10° 3282 576 115 —5.13 2.83 8.88 0.70 0.20
S-DBC 37%x107 2.0%x107° -62x107° 377 1.1x107* 62.16 044 780 -—-6.51 2.15 0.10 0.63 0.05
Z-DBC 28x107 1.0x107°  —45x107° 265 62x10*% 2666 044 384 —1.53 095 3.15 052 0.1
DBC 36x10-° —12x10™*  —47x10° 315 9.7x107° 36.02 0.13 241 -3.60 1.08 -1.68 051 -0.19

ranged between 0.93 and 0.99) suggested a strong relationship
between the mass of CTC adsorbed on a unit mass of the
biochars and time of reaction. The R? values for the
interaparticle diffusion model ranged between 0.85 and 0.96,
indicating the heterogeneous diffusion of CTC particles into
the porous surface of the biochars. Likewise, the best fitness of
Elovich model (R* ranged between 0.56 and 0.89) suggested
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Fig.5 a XRD (X-ray diffraction) and b FTIR (Fourier transform infrared

spectroscopy) spectra after CTC (chlortetracycline) adsorption onto date
palm waste—derived biochar (DBC), date palm waste—derived biochar

Transmission

multi-layer chemisorption (covalent binding with the surface
functional groups) as the rate-limiting step in CTC adsorption
onto the tested biochars, which corresponded to the results of
Freundlich and Temkin isotherms. The chemisorption process
was further supported by the fitness of pseudo-second-order
model to some extent (R2 ranged between 0.33 and 0.98).
Beside heterogeneous diffusion and chemisorption, the CTC
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composite with nano-zerovalent iron (nZVI-DBC), date palm waste—
derived biochar composite with silica (S-DBC), and date palm waste—
derived biochar composite with zeolite (Z-DBC)
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adsorption was also aided by the physical adsorption onto the
surfaces as described by pseudo-first-order kinetics model and
Langmuir isotherm. Therefore, it was stated that the CTC
adsorption onto the biochars was being controlled with mul-
tiple sorption processes including diffusion into pores, chem-
ical reactions with the surface functional groups, and physical
adsorption on the surfaces of the tested biochars. The highest
adsorption of CTC onto nZVI-DBC followed by S-DBC and
Z-DBC could be due to the decline in solution pH towards
acidity (Fig. S4a and b), as the CTC adsorption is highly
influenced by the solution pH and hydrophobicity of the sor-
bent (Torres-Pérez et al. 2012). The correlation of solution pH
with CTC adsorption has presented a significant negative cor-
relation with R* value of 0.92 (Fig. S4c). Therefore, nZVI-
DBC exhibited the highest CTC adsorption due to lowest
solution pH compared with other biochars. It has been ob-
served that the maximum rise in solution pH for DBC,
nZVI-DBC, S-DBC, and Z-DBC was 7.44, 5.5, 6.6, and 6.8,
respectively, suggesting that the solution pH remained below
the pH at point of zero charge for all the sorbents (pHp ¢ for
DBC, nZVI-DBC, S-DBC, and Z-DBC was 8.7, 5.2, 8.1, and
9.2, respectively) (Fig. S4d). These results suggested that both
negative and positive surface charges were prevailing on the
all the adsorbents. As the solution pH was in the range of
3.30-7.44, the protons from phenolic-pentanedione of CTC
were released, which has transformed CTC into zwitterion

Other biochars

Surface adsorption
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Fig. 6 Proposed mechanisms involved in CTC (chlortetracycline) ad-
sorption onto date palm waste—derived biochar (DBC), date palm
waste—derived biochar composite with nano-zerovalent iron (nZVI-
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(having both positive and negative electrical charges on dif-
ferent locations). Therefore, due to the presence of both neg-
ative and positive charges simultaneously on CTC, the solu-
tion pH range of 2—6 is considered to be optimum for CTC
adsorption (Guocheng et al. 2012). The adsorption of CTC
onto the biochars was confirmed by analyzing the post-
sorption biochar samples with SEM, XRD, and FTIR. The
SEM images showed whitish compounds on the surface and
within the pores, which might be referred to the CTC mole-
cules (Fig. 1f-1). Three new peaks in all the biochars detected
at 260 =4.28, 10.09, and 11.86 were ascribed as CTC in XRD
patterns of post-sorption biochar samples (Fig. Sa). Likewise,
a small band at 1527 cm ' and a shoulder peak at 1079 cm ™
were designated as CTC in FTIR spectra of post-sorption bio-
chars (Fig. 5b). The variations at 1079 and 1527 suggested
that some chemical interactions have occurred between amide
groups of CTC with C—O-C, Si-O, and N-H groups of bio-
chars, respectively (Zhang et al. 2015). Therefore, the CTC
adsorption onto DBC, S-DBC, Z-DBC, and nZVI-DBC was
being controlled by multiple mechanisms such as (i) chemical
adsorption, (i) physical adsorption (H-bonding), and porous
diffusion.

It has been reported that the surface polarity of the adsor-
bent is of critical importance in controlling the adsorption of
an organic pollutant via 7t-7t electron donor—accepter interac-
tions. Due to the lowest O/C ratio (0.043) of nZVI-DBC

nZVI composited biochar

n-ninteractions
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DBC), date palm waste—derived biochar composite with silica (S-
DBC), and date palm waste—derived biochar composite with zeolite (Z-
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among all the studied sorbents and lowest pHpzc (5.2), the
chances of CTC adsorption onto nZVI-DBC via 7t-7t electron
donor—accepter interactions enhanced significantly.
Additionally, the Fe” particles in the nZVI-DBC acted as re-
ducing agent, which might adsorb the CTC molecule via 7-7t
electron donor—accepter interactions on one hand, and re-
duced the CTC molecules on the other hand by removing —
CH;, —-NH,, —OH, and —CHO groups (Chen et al. 2011,
Rajapaksha et al. 2015). The degraded CTC molecules after
the loss of functional groups may further adsorb onto the
nZVI-DBC matrix after reduction, while the Fe’ particles
were converted to Fe’* and Fe®* after oxidation.
Additionally, the amino group in CTC may have produced
Fe-N covalent bonds with Fe** and Fe* after oxidation of
Fe®, resulting in higher CTC adsorption in nZVI-DBC com-
pared with other biochars (Zhang et al. 2015). It has been
reported from the previous researches that the adsorption of
the organic pollutants onto carbon-based sorbents might be
controlled by 7t-7t interaction, H-bonding, hydrophobic inter-
action, electrostatic interactions, and pore-filling (Swathi and
Sebastian 2009; Han et al. 2014; Gao et al. 2012). Likewise,
Jiang et al. (2013) stated that O-containing functional groups
were responsible for higher tetracycline adsorption due to 7—7t
electron donor—acceptor interactions. The absence of O-
containing functional groups at 3426 and 1650 cm ™" in post-
sorption sorbents confirmed the presence of 7—7t interactions
between the sorbents and CTC (Fig. 5b). Therefore, it was
concluded that (i) chemisorption, (ii) H-bonding, and (iii) dif-
fusion into the surface pores could be the operating mecha-
nisms controlling CTC adsorption onto DBC, S-DBC, and Z-
DBC, while (i) chemisorption, (ii) H-bonding, (iii) diffusion
into the surface pores, (iv) redox reactions, and (v) 7t-7t elec-
tron donor—accepter interactions could be the operating mech-
anisms for CTC adsorption onto nZVI-DBC composites
(Fig. 6).

Conclusion

Date palm waste—derived biochar (DBC) was used to design
various engineered biochars with nZVI, silica, and zeolite
(nZVI-DBC, S-DBC, and Z-DBC, respectively), and tested
for chlortetracycline (CTC) removal from aqueous solutions.
The produced biochars were characterized to investigate
chemical, structural, and surface properties. The nZVI-DBC
exhibited lowest pH (6.15) and highest surface area
(220.92 m* g ") compared with other biochars. Isotherm and
kinetics batch adsorption experiments were conducted to in-
vestigate the efficiency of the produced sorbent materials for
CTC removal from aqueous solutions. Langmuir-predicted
maximum CTC adsorption capacity was in the order of
nZVI-DBC (89.05 mg g ') > S-DBC (45.57 mg g ') > Z-
DBC (30.42 mg g ') > DBC (28.19 mg g '). Kinetics

adsorption data was best described by power function,
interaparticle diffusion, pseudo-first-order, and Elovich
models. Chemisorption, H-bonding, and porous diffusion
were the main mechanisms controlling CTC adsorption onto
DBC, S-DBC, and Z-DBC. However, the highest CTC re-
moval by nZVI-DBC was resulted by the augmentation of
chemisorption, H-bonding, and diffusion process with 7t-7t
electron donor—accepter interactions and redox reactions.
Therefore, nZVI-DBC can be used as an efficient sorbent for
cost-effective and eco-friendly removal of CTC from waste-
water. Moreover, producing biochar from date palm waste
through pyrolysis may reduce surface pollution. Hence, date
palm—derived biochar composited with nZVI could serve as
an economic and green technology for the remediation of
CTC-contaminated wastewater.
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