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ABSTRACT

Chromium pollution of groundwater sources is a growing global issue, which correlates with various anthro-
pogenic activities. Remediation of both the Cr(VI) and Cr(III), via adsorption technologies, has been championed
in recent years due to ease of use, minimal energy requirements, and the potential to serve as a highly sustainable
remediation technology. In the present study, a biochar sorbent sourced from pineapple skins, allowed for the
upcycling of agricultural waste into water purification technology. The biochar material was chemically modi-
fied, through a green amination method, to produce an efficient and selective adsorbent for the removal of both
Cr(VI) and Cr(III) from complex aqueous matrices. From FTIR analysis it was evident that the chemical modi-
fication introduced new C-N and N-H bonds observed in the modified biochar along with a depletion of N-O and
C-H bonds found in the pristine biochar. The amino modified biochar was found to spontaneously adsorb both
forms of chromium at room temperature, with binding capacities of 46.5 mg/g of Cr(VI) and 27.1 mg/g of Cr(III).
Interference studies, conducted in complex matrices, showed no change in adsorption capacity for Cr(VI) in
matrices containing up to 3,000 the concentration of interfering ions. Finally, Cr(III) removal was synergized to
100% adsorption at interfering ions concentrations up to 330x of the analyte, which were suppressed at higher
interference concentrations. Considering such performance, the amino modified biochar achieved selective
removal for both forms of chromium, showing great potential for utilization in complex chromium pollution
sources.

1. Introduction

metal pollutants are non-biodegradable, which results in long term
pollution of soil and water sources (Sharma et al., 2022). Chromium in

Heavy metal pollution in ground water continues to rise globally
aggravated by anthropogenic activities (Liu et al., 2023a). Chromium is
one of the most toxic metal ions; its presence in water poses severe
implications to both environmental and human health (Mallik et al.,
2022). The continual increase in chromium pollution is directly related
to industrial and mining activity. Industrial uses for chromium include
production of steels and sophisticated alloys, wood and paper process-
ing, paint and dye production, and various chrome plating processes
(Tumolo et al., 2020a; Zhitkovich, 2011). Chromium species as heavy
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aqueous solutions may exist primarily as either Cr(VI) or Cr(III). Chronic
ingestion of Cr(VI) can result in grave effects for human health; these
include DNA damage, chromosomal aberration, and cancer develop-
ment (N. Chen et al., 2021a; Tumolo et al., 2020b). The Cr(VI) species
presents higher risks to both human and environmental health via
greater solubility, mobility, and toxicity (Zhitkovich, 2011). In contrast,
Cr(III) may be considered the less harmful form; however, this species
may still serve as a potential reservoir for the hexavalent species, as Cr
(III) can be naturally oxidized in the environment (Varadharajan et al.,
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2017). Therefore, effective physical-chemical separation of chromium
from water sources is urgently needed.

Techniques for removing chromium from polluted waters include
chemical precipitation, ion exchange, membrane separation, bio-
sorption, photocatalytic reduction, and adsorption (Babapour et al.,
2022; Kenfoud et al., 2022; Nur-E-Alam et al., 2020). Adsorption of
heavy metal ions from polluted water has been championed in recent
years due to its effectiveness, simplistic operation, minimal energy re-
quirements, and economic feasibility (Chen et al., 2022; F. Liu et al.,
2023b). Carbon based adsorbents have been heavily studied over the
years due to their high adsorption capacities, substantial degree of
functionalization, and regenerative capabilities (Baby et al., 2019;
Mariana et al., 2021). Biochars (BC) are sustainable carbon adsorbents
produced from biological wastes. These materials have been heavily
studied for adsorption processes due to their high surface area, devel-
oped pore structure, and robust mechanical properties (Fang et al.,
2023; Liang et al., 2021; Lu et al., 2022). Utilizing everyday waste
sources for biochar (BC) production can generate highly effective ad-
sorbents at low costs (Liu et al., 2023c). Common agricultural waste
products can be easily processed/repurposed as inexpensive active in-
gredients for water purification technologies (Li et al., 2021). For green
adsorption technologies to have an impact on the growing societal de-
mand for clean water, maximized efforts must come from an approach
where treatment costs are low and remediation effectivity is high (Gupta
et al., 2009). Adsorbent surface modification can be used to enhance
adsorption capacity, as well as selectivity, of target pollutants such as
heavy metals through incorporation of specific chemical functional
groups ( Liu et al., 2021b; Qiu et al., 2022). The agricultural sector is one
of the highest water consumption industries across the globe (Alcamo
et al., 2000). Therefore, a circular economic strategy where crop waste
could be repurposed to purify the surrounding polluted water sources
would ensure sustainable water consumption and serve as a paradigm
for other circular economic strategies.

Herein, we have developed, tested, and optimized an amino modified
biochar adsorbent for the targeted removal of both Cr(VI) and Cr(III)
from aqueous solutions. The biochar was synthesized through the py-
rolysis of an agricultural waste (pineapple skins) to generate a pristine
BC adsorbent. The pristine BC was then modified, through a green
chemical method, to introduce amino groups onto the surface of the
adsorbent and was termed as the amino modified BC. Both adsorbent
materials were tested in tandem for Cr(VI) and Cr(IIl) removal capa-
bility, to observe the effect that chemical modification had on the
adsorption properties of these materials. The modification was shown to
greatly enhance adsorption of both Cr species. The Cr(VI) loading ca-
pacity was increased by over 10-fold, and a 6-fold increase was observed
for Cr(IlI), when compared with the pristine BC absorbent. The Cr(VI)
and Cr(III) adsorption proceeded through a spontaneous manner for the
amino modified variety, while the pristine was found to only be spon-
taneous for Cr(III) adsorption at 25 °C. Interference studies showed
excellent selectivity for Cr(VI) over other common anionic species, even
at concentrations 3,000x that of the chromium species.

2. Materials and methods
2.1. Synthesis of pristine biochar

Locally sourced smooth cayenne pineapples were washed using 18
mQ/cm deionized water, cut, and separated into the fruit and skin
portions. The pineapple skins were placed in a Pyrex dish and allowed to
dry in an oven at 65 °C, for a period of one week, until all the biomass
was completely dry. After drying, the pineapple skins were blended in an
industrial grade food processor. The resulting powder was then passed
through a 125 pm sieve, to remove any larger sized particles. The sieved
powder was then placed in a ceramic crucible and heated in a tube
furnace, with Ar gas flowing, to a temperature of 350 °C for a period of 1
h. Following the pyrolysis, the resulting powder was allowed to cool to
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room temperature, then ground once again with a mortar and pestle.
The mass of produced pristine BC was then taken to calculate the
product yield.

2.2. Amino modification of biochar

The amino modification of the biochar materials proceeded through
a facile chemical synthesis process (G.-X. Yang and Jiang, 2014). In
brief, 100 mL of 1:1 mixture of HNO3/H2SO4 was placed in a 250 mL
round-bottom flask and allowed to cool in an ice bath (4 °C). A total of
6.0 g of the pristine biochar material was added to the acid mixture and
was stirred magnetically for 2 h. The acidic mixture causes a nitration
reaction to occur, resulting in introduction of -NOy groups onto the
structure of the BC adsorbent. Following the nitration reaction, the
resulting product was allowed to cool, then filtered using a fritted glass
filter and washed with several portions of isopropanol. The powder was
then dried overnight at a temperature of 50 °C to remove any residual
moisture. After drying, the BC was added to a three-neck round bottom
flask followed by 50 mL of ultra-pure H2O and 20 mL of 15 M NH4OH.
The reaction was stirred for 15 min, followed by the addition of 28 g of
NayS0Oy4, and then allowed to continue stirring for a period of 24 h. After
this time, 120 mL of 2.9 M acetic acid was added to the flask, and the
solution was then refluxed at a temperature of 100 °C for 5 h. The acetic
acid acted as a proton (H™") source to ensure the complete reduction and
conversion of the NO, to NH; groups. The resulting product was cooled,
the amino modified BC was collected through vacuum filtration, and
finally dried overnight at 50 °C.

2.3. Analytical instrumentation

Fourier-transform infrared spectroscopy (FTIR) data was collected
on a Perking Elmer Frontier model equipped with a universal total
attenuated reflection attachment. The FTIR analysis was conducted from
600 to 4000 cm ™' with a resolution of 4.0 cm™'. A Zeiss LS10 EVO
scanning electron microscope (SEM) microscope was utilized for imag-
ing of the adsorbent materials. The SEM images were collected at a
working voltage of 20 kV and an operating current of 2.5 A. The working
distances of the SEM ranged from 6.0 mm to 4.5 mm for the low and high
magnification micrographs respectively. The SEM was equipped with an
energy dispersive spectroscopy (EDS) unit. The EDS data was collected
at a working voltage of 50 kV at an optimum working distance of 8.0
mm. Samples were sputter coated using an Au-Pd target to enhance
sample conductivity and in turn improve image quality. X-ray diffrac-
tion was collected using a Bruker D2 X-ray diffractometer equipped with
a cobalt source (K, = 1.789 10\), an iron filter, operated at 300 W of
power, and a scintillation detector. The data were collected from 10 to
75° in 20 with a 5s counting time, and a step of 0.05°. The surface area
and porosity data were collected using a Quantachrome Nova 2200e.
The Brunauer-Emmett-Teller (BET) surface area and Pore Volume were
determined using N5 adsorption isotherm at 77 K.

Concentrations of chromium species were quantified using induc-
tively coupled plasma optical emission spectroscopy (ICP-OES) analysis
for metal quantification. A PerkinElmer Optima 8300 DV ICP-OES in-
strument was utilized for Cr concentration determination. Typical
operating parameters include a plasma flow rate of 15 L/min, a nebu-
lizer flow of 0.55 L/min, and a sample flow rate of 1.5 mL/min. Each
analysis was the average of three replicates with an integration time of
20 s. A Cyclonic spray chamber, a GemCon nebulizer, and a 2.0 mm
alumina injector were equipped on the instrumental configuration,
which was operated at an RF power of 1500 W and A = 276.2 nm.

2.4. Adsorption test procedures
Effects of initial pH conditions were analyzed for the binding of Cr

(VI) and Cr(III) upon the pristine and amino modified BC, from a pH
range of 2-5. Solutions containing either 300 pg/L of Cr(VI) or Cr(III)
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were pH adjusted using dilute nitric acid or sodium hydroxide. A total
mass of 10 mg of the adsorbent material was added to 5 mL test tube,
then combined with 4 mL of the pH adjusted chromium solution. The
resulting mixtures were then capped and placed on a bench top nutating
mixer and allowed to equilibrate for 1 h. Following equilibrium, samples
were centrifuged for a period of 5 min at a speed of 3600 rpm. The su-
pernatants were decanted and transferred to a separate tube and saved
for ICP-OES analysis. Control samples, containing no adsorbent, were
also performed in tandem for all adsorption studies. All experiments
were performed in triplicate to ensure reproducibility.

Adsorption studies were performed at different time intervals to
compare the difference in binding capacity (mg/g) between the two
adsorbents over a reaction period of 2 h. Time dependency studies were
performed with 30 ppm Cr(VI) or Cr(III) solutions adjusted to optimum
pH conditions, as determined from the previous pH study. A total mass
of 10 mg of adsorbent was added to 5 mL test tubes, followed by 4 mL of
the Cr containing pH adjusted solutions, the tubes were then equili-
brated on nutating mixer for various times. The time frames were: 5, 10,
15, 30, 60, 90, and 120 min of interaction of the absorbent with the Cr
containing solutions. After the various time points, samples were
centrifuged, separated, and analyzed.

Isotherm experiments were performed to study the thermodynamic
properties of the adsorption of Cr(VI) and Cr(III) to both the pristine and
amino modified BC adsorbents. These studies were performed over the
period of 1 h under optimum pH conditions. A range of various Cr
concentrations were utilized for isothermal adsorption studies including
0.3, 3.0, 30, 90, 300, 1000 ppm of either Cr(VI) or Cr(IIl). Reactions
were performed at three different temperatures (4, 25, and 45 °C) to
measure the temperature dependance of the adsorption processes. After
the studies were completed, the samples were centrifuged, decanted,
and analyzed using ICP-OES for chromium quantification.

The effects of coexisting ions were tested for both Cr(VI) and Cr(III)
binding to the amino modified and pristine BC adsorbents. 0.3 ppm of Cr
(VI) solutions were spiked with 0.3, 3, 30, 300, and 1000 ppm of Cl ",
NO3, SO%’, PO%’, SiO%’, and CO%’. Solutions of 0.3 ppm of Cr(III) were
spiked with Na™, K¥, Ca?", and Mg2+ cations at concentrations of 0.3, 3,
30, 300, and 1000 ppm. These solutions were pH adjusted to the opti-
mum binding pH for adsorption testing following prior procedures. Once
adsorption interference studies were completed, samples were centri-
fuged, decanted, and analyzed via ICP-OES.

3. Results and discussion
3.1. Characterization of pristine and amino modified biochar adsorbents

The pineapple skin sourced biochar was characterized using FTIR-
ATR analysis, before and after the amino modification, to assess the
effective functionalization of the adsorbent material. As can be seen in
Fig. 1, both the pristine and amino modified adsorbents displayed a
variety of absorption peaks across their spectra. Beginning with the
pristine biochar C-H bending (750 & 870 cm’l), C-O stretching (1105
em 1), =0 stretching (1370 cm 1), O-H bending (1430 cm™ 1), C=C/
N-O stretching (1575 cm™'), C-H bending (1980 cm™'), S-C " N
stretching (2165 cm’l), and finally C-H stretching (2920 em™) were
observed (Infrared Spectroscopy Absorption Table, 2020; IR Spectrum
Table and Chart, 2023). In the amino modified BC, it should be noted the
absence of the first two C-H bending peaks, when compared to the
pristine BC, and emergence of a new C-N stretching peak (1030 cm™})
(Kumar et al., 2017). Peaks for C-O stretching (1105 cm’l) and S]O
stretching (1370 cm 1) seemed to be maintained from the pristine BC
structure. The C]C/N-H peak (1590 cm’l) peak identified in the amino
modified BC seems to have shifted from the original 1575 cm ™! position
in the pristine BC, identifying a shift in nitrogen binding from N-O in the
pristine to N-H in the amino modified biochar (H. Liu et al., 2019; Ryu
et al., 2010). The C-H bending (1980 cm ') and S-C ° N stretching
(2165 cm ™ 1) were also maintained from the pristine BC structure, just at
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Fig. 1. FTIR-ATR characterization of (a) pristine and (b) amino-
modified biochar.

lower absorption intensities. From the comparison of the structures, the
introduction of new C-N and N-H bonds are observed in the modified BC
along with a depletion of N-O and C-H bonds. These results allow for the
inferring of successful amino modification of the biochar adsorbent.

Adsorbent surface imaging by SEM was performed on both the
pristine and amino modified BC to investigate the morphology and
structure of these materials before and after the chemical modification.
The SEM image of the pristine BC can be found in Fig. 2a, while the
amino modified version can be seen in Fig. 2b. The SEM analysis of the
pristine BC revealed an amorphous structure with micron sized plates
dispersed across the surface. Similar appearance and structure has been
reported in studies utilizing BC and other graphitic materials (Q. Li et al.,
2018; Quan et al., 2018; C. Wang et al., 2016). There appears to be a
high amount of surface roughness with many craters and grooves across
the pristine biochar surface. In comparison, the amino modified variety
displays a smoother surface with areas of aggregated platelets.

Fig. 3 shows the collected XRD patterns for the pristine and amino
modified biochar as synthesized. As can be seen in the diffraction pat-
terns both samples are amorphous and show diffraction patterns similar
to other biochar and carbon black samples(W. Chen et al., 2016; Kei-
luweit et al., 2010; Y. Liu et al., 2012; Park et al., 2010; Yoo et al., 2018).
The XRD of the pristine BC shows a broad weak peak around 20-32 in
20, which correlates to 18-27 in 20 for a Cu source and is in the same
diffraction range as sample shown in the literature. The broad weak
peak is generally labelled the (002) diffraction plane and is commonly
observed in non-graphitizing carbon samples (Keiluweit et al., 2010;
Park et al, 2010; Yoo et al., 2018). The weak diffraction peak is
considered to be a remnant of the cellulose structure, similar to other
BCs synthesized at low temperatures (Keiluweit et al., 2010; Park et al.,
2010; Yoo et al., 2018). The weak diffraction peak in the amino modified
biochar appears to be slightly shifted to a higher diffraction angle
compared to the pristine biochar. The shift in the position of the
diffraction peak may be due to the treatment of the sample during the
modification process where remnant material was washed out of the
sample.

3.2. Optimum pH for Cr(VI) and Cr(III) adsorption

The optimum pH conditions for chromium species adsorption to both
pristine and amino modified BC were determined using 300 ppb solu-
tions of either Cr(VI) or Cr(III) under different pH conditions. Pristine BC
showcased an optimum pH for Cr(VI) removal at pH 2.0, with approx-
imately 40% removal observed after 1 h of treatment, as shown in Fig. 4.
However, the amount of Cr(VI) adsorbed decreased to less than 10%
binding at higher pH conditions. This trend can be explained by the



K. Flores et al.

Journal of Environmental Management 360 (2024) 121160

Fig. 2. Micrographs obtained by scanning electron microscopy (SEM) of (a) pristine and (b) amino modified biochar.
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Fig. 3. X-ray powder diffraction of the pristine biochar(a) as well as the amino
modified variety (b).

overall surface charge of BC in function of pH. Organic functional groups
of BC are generally positively charged at pHs below ~3.0. Positively
charged adsorbent benefits electrostatic attraction of negatively charged
anionic species of chromium (VI) (e.g., CrO7~, HCrOgz, Cry0%7) (Selo-
mulya et al., 1999). While at the lower pHs, it is well known that the
HCrO; form is the preferential speciation of Cr(VI) according to its
characteristic pK, values following acid-base reaction equilibria of
equations (1) and (2). The pH dependent speciation of Cr(VI) can be
found in Fig. 4c below, with respect to the aforementioned pK, values.
Above pH ~3.0 the BC become negatively charged which was detri-
mental for the adsorption of negatively charged species of Cr(VI) given
the increasing electrostatic repulsion (specially for divalent anionic
species).

H,CrO,; = H* + HCrO, pKy = —0.8-1.6 (Eq 1)

HCrO, s H' +Cr0; pKp = 6.51 (Eq 2.)

Similar binding trends for Cr(VI) have been observed for other nano-
adsorbents, biochar, and activated carbon particles (Cantu et al., 2014;
Parsons et al., 2002; Selomulya et al., 1999). This could stem from the
similar point of zero net charge (PZNC) for pristine BC, like many other
carbonaceous adsorbents, occurring between pH 2.0 and 2.6 (Dehouli
etal., 2010; Kosmulski, 2011; Silber et al., 2010). The adsorbent surface
remains negatively charged beyond this characteristic PZNC value.
Conversely, this surface charge transition in function of pH is beneficial
for the removal of positively charged chromium (III) cationic species (i.
e., Cr*t, Cr(OH)?*, Cr(OH)3)) as deduced from Fig. 4a.

For the amino modified BC an appreciable increase in Cr(VI) binding
(~80%) was observed at all pHs. A maximum binding was observed at
pH 3.0 with 95% removal, while pH 4.0 and 5.0 maintained excellent
binding with over 90% removal. To have a direct comparison of the
pristine BC and the amino modified BC, a pH of 2.0 was set for all future
Cr(VI) adsorption studies. The difference in binding trends between the
pristine and amino modified BCs indicates different attractive forces
participating in their adsorption, with a more effective mechanism
identified in the amino variety. The amino biochar clearly attained a
higher degree of adsorption, at more environmentally relevant pH
conditions. The functionalization of amino groups on the modified
biochar induces a greater positive surface charge via N-H groups in the
modified, vs N-O groups present in the pristine variety, generating
greater propensity for electrostatic interaction between the amino BC
and the Cr(VI) anion(F. Liu et al., 2021a). In addition, possible hydrogen
bonding and complexation could synergize the Cr(VI) adsorption
mechanism further, which has been a reported adsorption mechanism
for other amino modified adsorbents (S. Chen et al., 2011; Miretzky and
Cirelli, 2010; Nkuigue Fotsing et al., 2021).

In both BCs pH 4.0 was considered optimal for Cr(III) binding with
nearly 75% removal for the pristine and over 95% for the amino-
modified BC. This general trend has been well observed for Cr(III)
binding with different adsorbents (Miretzky and Cirelli, 2010). The
decreased binding at lower pH levels is believed to occur due to greater
levels of protonation occurring on the biochar materials. In highly acidic
conditions (pH < 2) the positive surface charge of these materials would
repel Cr(III) cations in solution. The improved Cr(II) adsorption with
the amino modified BC, at all pHs, indicates additional interactions,
aside from just electrostatic, could be contributing to the adsorption
mechanism. As can be seen in Fig. 4d, the speciation of Cr(III) in terms of
pH, exists in the different species throughout the 2-5 pH range. As the
reaction solution becomes less acidic the Cr(OH)>" and Cr(OH)3 species
become more prevalent resulting in additional possible adsorption in-
teractions. Complexation of Cr(IIl) via amine groups has been reported
for Chlorella miniate biosorbent, as well as for aminated polyacrylonitrile
(APANFs) adsorbent (S. Deng and Bai, 2004; X. Han et al., 2006). In the
later, it was reported that complexation of Cr(III) with the nitrogen
groups of the APANFs was the observed adsorption mechanism, which
could be contributing to the improved Cr(III) adsorption in the amino
modified BC. Thus, similar amino-complexation is expected to be
enabled in the amino-modified BC.

3.3. SEM-EDS analysis of BC following chromium binding

The SEM-EDS analysis was performed on both BC materials to
elucidate changes to surface elemental distribution after amino modi-
fication, and the effect that might have on Cr(VI) and Cr(III) binding.
Fig. 5 displays electron maps generated from this analysis where sulfur,
oxygen, nitrogen, carbon, and chromium were mapped on the surface of
both pristine and amino modified biochar after equilibration with 100
ppm of Cr(VI) at pH 2, and 100 ppm of Cr(III) at pH 4. Note that the
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presence of these elements agrees with the FTIR-ATR spectra of Fig. 2,
that identified S]O, C-O, and N-O stretching among other relevant
signals. As can be seen in Fig. 5 a & b there is a difference between the
adsorption pattern of Cr(VI) binding to the pristine and amino modified
BCs. Adsorbed Cr on pristine BC appears to be randomly distributed;
whereas amino-modified BC shows more densely concentrated areas of
Cr adsorption following a similar pattern to the areas mapped for ni-
trogen. Thus, it can be inferred that a correlation between Cr and the
amino functional groups, for the amino-modified BC, exists. This trend
supports the hypothesis of the discussed adsorption mechanism
enhancement by hydrogen bonding and or complexation of chromium,
as has been reported in other accounts of heavy metal adsorption(Jin
et al., 2022). In Fig. 5 ¢ and d, Cr(III) adsorption for both the native and
amino modified BCs show a similar homogenous distribution. In both
the Cr(VI) and Cr(III) adsorption the amino modified BC displayed
brighter Cr mapping, indicating higher adsorption for the chemically
modified BC.

3.4. Time dependency studies and kinetic modeling

Time dependent studies for the adsorption of chromium ions to both
amino modified and pristine BC were performed to measure the loading
capacity (Qt (mg/g)) for both Cr(VI) and Cr(III) over 120 min of reaction
time. Adsorption studies were fitted to a Langmuir adsorption model.
The results of time dependency studies are shown below in Fig. 6 for
both the amino modified and pristine BC adsorbents.

Adsorption capacities for both Cr(VI) and Cr(III) were much higher
in the amino modified BC, over the entire extent of the reaction. As can
be seen in the plot from Fig. 6, the loading equilibrium is reached rapidly
with the amino variety. Maximum loading capacities were observed
within a 1-h period and remained relatively constant thereafter.
Furthermore, 67% of Cr(VI) & 81% Cr(II) of adsorption was accom-
plished in the first 5 min of contact for the amino BC, while 43% of Cr
(VD) and 44% of Cr(III) were observed for the pristine BC. To compare
the performance of the two adsorbents, the instantaneous rate of

adsorption was calculated at the 5-min mark of the reaction. Adsorption
rates are summarized in Fig. 6. The reaction rates observed for the amino
BC were much higher than those observed for the pristine BC, showing
an improvement of 18-fold for Cr(VI) and 32-fold for Cr(III). For both
chromium ions the amino modified BC surpassed a 20 mg/g loading
within 15 min of contact with Cr solution, highlighting rapid adsorption
compared to similar adsorbents (Babu and Gupta, 2008; “Efficient
Removal of Cr(VI) from Aqueous Solution onto Palm Trunk Charcoal,”
2016; Ksakas et al., 2015; Partlan et al., 2020). The speed of the
adsorption process would have major impact on the treatment capa-
bility, volume of polluted water which can be effectively remediated,
which in turn directly affects the scalability of such technologies (Hui
et al., 2018; J. Wang and Guo, 2020; Zhou et al., 2020).

Results of the kinetic studies are shown in Fig. 7 for both the un-
modified and modified biochars and was found to follow an intraparticle
kinetics model. The equation is given below (Ho and McKay, 1998):

Q. = kt®S (Eq 3.)
where Q; is the mass of metal adsorbed by the adsorbent at a specific
time, k is the rate constant, and t°° is the square root of the reaction
time. This kinetics model has been used to effectively describe the
binding of different metal ions and organic molecules to biochars
(Blanchard et al., 1984; Ho and McKay, 1998; Weber and Morris, 1963).
In addition, kinetics indicate there are possibly two sites on the biochar
for Cr binding, one that is easily available and a secondary adsorption
site that is not readily accessible by the metal ions. In the present work
kinetics showed a reliance on temperature, similar to the thermody-
namics studies in the following section. The rate of the Cr(III) binding to
the pristine biochar proceeded as an endothermic reaction, whereas the
Cr(VI) binding to the pristine biochar followed an exothermic reaction.
The kinetics of both the Cr(III) and Cr(VI) binding to the amino biochar
followed an exothermic where the rate of binding decreased with
increasing temperature, which is further confirmed in thermodynamics
studies. Kinetics were studied utilizing a split kinetics model, where the
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Fig. 5. Pristine Biochar equilibrated with Cr(VI) at pH 2 (a) Amino modified Biochar equilibrated with Cr(VI) at pH 2 (b) Pristine Biochar equilibrated with Cr(III) at

pH 4 (c) Amino modified Biochar equilibrated with Cr(IlI) at pH 4(d).

reaction was broken down into two separate portions utilizing first order
kinetics. The data from the split first order kinetics model indicates two
different processes were occurring for Cr(III) and Cr(VI) binding to both
biochar materials (Summarized in Table 1). The first reaction consis-
tently had a higher rate constants than the second reaction, giving
further indication of the mechanism occurring in 2 steps with the
exception of Cr(II) adsorption by the pristine at 4 °C. However, this is
not a second order rection but rather a two-step process, which may be
occurring due to site accessibility. As noted in the time dependency
studies, the majority of the binding occurs within the first 5 min of
contact, then slows and becomes relatively stable over the remainder of

the contact time. However, the fittings of the kinetics using the intra-
particle diffusion model overall have higher correlation coefficients and
are more representative of the binding process as shown in Table 1. The
fitting results for the zeroth order, first order and second order kinetics
are shown in Table 2. As can be seen in Table 2, the majority of the
fittings for traditional kinetics are unacceptable with correlation co-
efficients for the most part below, below 0.95. Intraparticle diffusion
model can be pore related or surface diffusion related, due to the
carbonized structure of cellulose structure after biochar synthesis the
surface could be diffusion limited (J. Wu et al., 2022) The rates of the
reaction are significantly enhanced after the amino modification of the
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Fig. 7. Intraparticle kinetics for pristine BC adsorption of Cr(III)

biochar, for both Cr(III) and Cr(VI) adsorption to the amino modified BC.
Similar trends in kinetics enhancement have been observed in the
literature after chemical modification(Ekanayake et al., 2022; Kolo-
dynska et al., 2012).

3.5. Thermodynamics for chromium adsorption

Time(min®%)
and Cr(VI) (a & b) as well as the amino modified BC (¢ &d).
AG°= — RT In(Ky) (Eq 3.)

The Ky is then related to the enthalpy (AH®) and entropy (AS°) of the
adsorption mechanism as based in the relationship between equations
(4) and (5).

AG® = AH’ — TAS® (Eq 4.)
The thermodynamics of the chromium adsorption process was AS AP
analyzed to establish trends in temperature dependence and to further In(Ky) = " RT (Eq 5.)

investigate the energetics of adsorption mechanism for both adsorbents.
The first step in these calculations came in relating the equilibrium
constant (Kg) to the Gibbs free energy as shown in equation (3) below
(Saha and Chowdhury, 2011).

By plotting the natural log of the equilibrium constant against the
inverse of temperature in Kelvin (1/T) a linear plot was generated with
the slope representing -AH° /R of the adsorption reaction. The entropy of
the same adsorption reaction is the determined from the intercept (AS°/
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Table 1
Summary of the kinetics data fittings using a two process zero order kinetics
model and the intraparticle diffusion model.

Sample K; (mg/ R? Ki,(mg/ Ri, K (mg/ R?
g/min) g/min) g/mino‘s)

Cr(II) Pristine 0.0026 0.97  0.0050 0.90 0.0130 0.97
Biochar 4 °C

Cr(III) Pristine 0.0067 0.99  0.0048 1.0 0.0620 0.99
Biochar 22 °C

Cr(III) Pristine 0.0099 0.99  0.0065 1.0 0.0870 0.99
Biochar 45 °C

Cr(VI) Pristine 0.0405 1.0 0.0290 1.0 0.3850 0.99
Biochar 4 °C

Cr(VI) Pristine 0.0167 1.0 0.0120 0.97  0.1540 0.98
Biochar 22 °C

Cr(VI) Pristine 0.0140 1.0 0.0110 1.0 0.1380 0.99
Biochar 45 °C

Cr(1II) Amino 0.1680 0.98  0.0490 0.94  1.006 0.97
Modified
Biochar 4 °C

Cr(1II) Amino 0.1400 0.95  0.0480 0.99  0.856 0.98
modified
Biochar 22 °C

Cr(1II) Amino 0.1090 0.93  0.0450 0.97  0.750 0.99
modified
Biochar 45 °C

Cr(VI) Amino 0.2870 0.97  0.0940 1.00 1.715 0.98
modified
Biochar 4 °C

Cr(VI) Amino 0.2220 0.99  0.0850 0.99 1.488 0.99
modified
Biochar 22 °C

Cr(VI) Amino 0.1380 0.99  0.0740 099 1.073 0.99
modified

Biochar 45 °C

Table 2
Summary of Kinetics fittings for zero order, first order, and second reactions for
the entire data set.

Sample Ko (mg/g/ R} K; R} Ko R3
min)
Cr(III) Pristine 0.0053 0.99 0.0020 0.94 0.0040 0.93
Biochar 4 °C
Cr(III) Pristine 0.0072 0.99 0.0067 0.97 0.0091 0.94

Biochar 22 °C

Cr(III) Pristine
Biochar 45 °C

Cr(VI) Pristine
Biochar 4 °C

Cr(VI) Pristine
Biochar 22 °C

Cr(VI) Pristine
Biochar 45 °C

Cr(III) Amino
Modified Biochar
4°C

Cr(III) Amino
modified Biochar
22°C

Cr(III) Amino
modified Biochar
45 °C

Cr(VI) Amino
modified Biochar
4°C

Cr(VI) Amino
modified Biochar
22°C

Cr(VI) Amino 0.089 0.98
modified Biochar
45°C

0.0100 095 0.0139 0.92  0.0297 0.81

0.0322 0.95 0.0083 0.9 0.0057 0.82

0.0127 0.95 0.0128 0.94  0.0056 0.85

0.0115 0.99 0.0110 0.96 0.0112 0.9

0.0804 0.89  0.0030 0.87 0.00011  0.84

0.0690 0.91 0.0023 0.89  0.00008  0.87

0.0607 0.93  0.0027 0.91  0.00013  0.89

0.1383 091 0.0060 0.86  0.0003 0.80

0.1208 0.94 0.0046 091  0.0002 0.87

0.0051 0.96  0.0003 0.93
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R) of the line multiplied by the gas constant (R).

Thermodynamic data was generated through adsorption isotherms
performed at three temperatures 4, 25, and 45 °C. The results of these
isotherm studies were found to best fit a Langmuir isotherm model,
which indicates a monolayer adsorption for both Cr ions, aside from the
small degree of pore diffusion discussed in the previous section (Togue
Kamga, 2019; Zaheer et al., 2019). Fig. 8 displays the adsorption ther-
modynamic plots for both Cr(VI) and Cr(III) binding to the pristine BC
adsorbent. For the pristine BC Cr(VI) adsorption proceeded through an
exothermic process, as can be seen in Fig. 8. The negative value for the
AH of the reaction further supports an exothermic nature for Cr(VI)
adsorption on the pristine BC. Alternatively, Cr(IlI) adsorption was
found to proceed through an endothermic nature for pristine BC. The
positive AH for the reaction supports an endothermic process for Cr(III)
adsorption, while similar thermodynamic trends have been observed for
Cr(III) adsorption upon graphitic adsorbents (Bai et al., 2020; S. Yang
et al., 2014). For the amino modified BC, Cr(VI) adsorption proceeded
through an exothermic process. The exothermic nature is validated by
the — AH calculated for this reaction and has been observed for other
bioderived and graphitic adsorbents utilized for Cr(VI) adsorption
(Akram et al., 2017; Cho et al., 2011; Miretzky and Cirelli, 2010).
Adsorption of Cr(III) upon the amino modified adsorbent revealed an
opposite thermodynamic trend to that of the pristine BC, with an
exothermic trend observed (AH = —40.96 kJ/mol). The difference in
temperature dependency between the adsorbents, as well as differences
in spontaneity arising from the amino modification, exemplifies clear
differences in the adsorption mechanism occurring on these materials.

From the thermodynamic data presented, the amino modified BC
displayed spontaneous adsorption to both Cr(VI) and Cr(III) at room
temperature, while the pristine BC was only spontaneous to Cr(III). This
data indicates that the amino modification shifted N-O moieties in the
pristine biochar to N-H moieties, decreasing the negative surface charge
allowing for greater interaction with negatively charged Cr(VI) sources.
As discussed in section 3.2, the possibility of hydrogen bonding and
complexation, could be further facilitating this spontaneous adsorption
of Cr(VI). While the thermodynamic calculations are helpful in finding
temperature dependence and probing the energetics of the process, all
values reported from these calculations are small in magnitude (near
equilibrium) and are indicative of a physical adsorption process (Auta
and Hameed, 2012; Q. Li et al., 2010).

The binding capacities for these adsorbent materials can be found in
Fig. 9 showing greatly improved binding capacity for amino modified
adsorbent, most notably for the Cr(VI) pollutant. With a binding ca-
pacity of 46.5 mg/g of Cr(VI) in the amino modified BC compared to
4.11 mg/g for the pristine BC, a 10x improvement in binding capacity
was observed in the modified adsorbent. With regards to Cr(III) removal,
the modified variety expressed a capacity of 27.1 mg/g, while the
pristine BC was determined to be 4.49 mg/g, displaying an approximate
six fold improvement in Cr(III) binding. In both instances, a dramatic
improvement in the adsorption capacities were observed following the
amino modification. Results from BET analysis showed an average sur-
face area of 4.10 m?/g and 3.02 m%/g, for the pristine and amino
modified BCs, respectively. From this data, we conclude that increased
Cr adsorption capacities in the amino modified BC resulted from greater
attractive forces between the amino functional groups and the Cr ions,
rather than just elevated surface area in the modified adsorbent. These
values of surface area are comparable to other low temperature derived
BCs, which range from 1.8 to 11.32 (Brewer et al., 2014; W. Chen et al.,
2016; Elnour et al., 2019; Guo et al., 2020). The surface area of the
biochar was slightly reduced after the amino modification, which may
have resulted from the dissolution of graphitic material or nano-
structures during the chemical treatment and or filtrations. The removal
of such components would result in a diminished surface area per gram
for the amino-modified biochar. The chemistry of the biochar synthe-
sized at lower temperatures is different than that of BCs synthesized at
higher temperatures and generally have less graphitic structure and
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Fig. 9. Binding capacities at 25 °C for Cr(VI) and Cr(IIl) to both Amino
Modified and Prisitne Biochar Adsorbents.

lower surface areas(Brewer et al., 2014; W. Chen et al., 2016; Elnour
et al., 2019; Guo et al., 2020).

The amino modified BC achieved competitive binding capacities for
both Cr(VI) and Cr(III) species, as can be seen in Table 3 below. This
table compares the results from this study to other carbonaceous ad-
sorbents within the literature in terms of binding capacities, as well as

the thermodynamics of the binding process. As can be seen in this
comparison it is quite rare for materials to have such high adsorption
capacities for both species, as the Cr(VI) exists as an anion and Cr(III) as
a cation. Such performance highlights the versatility of the amino
modified BC for total chromium remediation.

3.6. Interference studies

All previous adsorption studies were conducted in Milli-Q water in
order to establish a baseline for the chromium adsorption process.
Ground waters, sourced for drinking water, are typically more complex,
with varying degrees of ions that could possibly interfer with both Cr(III)
and Cr(VI) adsorption. Considering the Cr(VI) sources in these studies
expressed a net negative charge, various common anions were tested to
observe their effect on Cr(VI) removal. These common anions include
Cl-, NO3, SO7~, PO3™, Si0F~, & CO%~ (Hautman et al., 1999; Le et al.,
2011; Zheng et al., 2021). For the pristine BC, a 40% chromium removal
was observed for Cr(VI) in the simplistic Milli-Q (18 MQ/cm) water
matrix, as shown in the dashed line in Fig. 10 (a & b). For the inter-
ference studies, an antagonistic effect was observed for all anions species
and concentrations listed (0.3-1000 ppm). The percent Cr(VI) removal
ranged from 15 to 38% depending on the concentration and indentity of
the anion. Of the anions shown in Fig. 10a, oxyanion NO3 tended to
have the largest antagonistic effect for Cr(VI) removal especially at
concentrations of 300 and 1000 ppm. This may be due to the fact that at
pH 2, both the HCrO4- & NO3 share a similar net —1 charge (please refer
to speciation diagram 4c) and both involve the attraction of oxygen
moieties from these oxyanions to the adsorbent. Of the anions shown in
Fig. 10b, the SiO%~ created the largest depression in Cr(VI) removal at
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Table 3
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Comparison of the performance of the amino modified BC with various other carbonaceous adsorbent materials in term of binding capacities for Cr(VI) and Cr(IIl) in
terms of binding capacities, as well thermodynamic information for the adsorption process.

Adsorbent Cr(VI) binding capacity Cr(III) binding capacity Thermodynamics Reference
(mg/g) (mg/g)
Pine (modified) 30.49 - Spontaneous - endothermic ~ https://doi.org/10.1016/j.jhazmat.2007.04.019
Almond shell 10.61 - Nonspontaneous https://doi.org/10.1016/51093-0191(01)00079-X
Maple Oak tree (treated) 1.74 - Spontaneous - endothermic ~ https://doi.org/10.1016/j.jhazmat.2006.06.095
Carbon-Microsilica composite 18.90 - Nonspontaneous - https://doi.org/10.4067/50717-970
exothermic 72012000100002
Cone (Thuja oriantalis) 48.80 - Spontaneous - endothermic  https://doi.org/10.1016/j.colsurfa.2004.10.004
GO-Fe304 3.20 - Spontaneous - exothermic https://doi.org/10.1016/j.jmrt.2020.04.040
Agave Lechuguilla Biomass 33.55 63.69 - https://doi.org/10.1155/BCA.2005.55
Modified lignin from wood 9.30 25.00 - https://doi.org/10.1080,/009083190523352
sawdust
Amino Modified Biochar 46.50 27.10 Spontaneous - exothermic Present Study
Pine/TiO2 9.80 2.80 - https://doi.org/10.1016/j.scitotenv.2020.143816
Pine gasification biochar 0.30 12.50 - https://doi.org/10.1016/j.scitotenv.2020.143816
Agro-waste adsorbent - 26.72 - https://doi.org/10.1016/j.biortech.2010.06.020
DTPA-chitosan modified - 39.27 - https://doi.org/10.1016/j.reactfunctpolym.2020
Fe304@Si0O2 104720
attapulgite composite - 10.97 Spontaneous - endothermic  https://doi.org/10.1016/j.cej.2010.12.009
chitosan/attapulgite composite - 27.03 Spontaneous - endothermic ~ https://doi.org/10.1016/j.cej.2010.12.009
Thermally modified fly ash - 2.50 Spontaneous — exothermic https://doi.org/10.1089/ees.2016.0359
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Fig. 10. Anion intereference studies for Cr(VI) adsorption on pristine BC (a & b) and Cr(VI) adsortion on the amino modified BC (¢ & d) expressed as % Chromium
removal. Dashed line marks % Chromium Removal in ultra pure Milli-Q H,O as benchmarking reference.

the 0.3-3.0 ppm range, while PO3~ decreased Cr(VI) removal by the
greatest extent at the 30-300 ppm range. At a pH of 2, SiOF~ exists
predominatley as the H3SiO4 species, while PO~ exists as a mixture of
HoPO4 and H3PO4 (Antonangelo et al., 2017; R.-F. Chen et al., 2021b).
With such a trend in adsorption there is clear competetive effect
occurring between oxyanions with similar charge and the chromate
species when utilizing the pristine BC adsorbent. However, the amino
modified BC was largely unaffected across all anions at all concentration
ranges. As can be seen in Fig. 10c, the % Cr(VI) removal was consistent
up to 100 ppm of competing anions, and a synergisitc effect on Cr(VI)
adsorption was observed from 300 up to 1000 ppm of competing anions

10

concentration. Results for the remaining anions can be seen to Fig. 10d,
and were essentially unchanged for all anions at all concentrations.
When compared to the results for the pristine BC, there is evident dif-
ference in level of intreference occurring in prescene of oxyanions of
similar net charge. Therefore, these results further inforce the perspec-
tive that the amino modified BC is adsorbing Cr(VI) through a different
mechanism (hydrogen bonding and/or complexation), rather than just
pure electrostatic interaction, as observed in the pristine BC. These re-
sults show much promise for the utlization of the amino modified BC in
real environmenal waters, considering that at 0.3 ppm of Cr(VI)
adsorption was unaffected even at interfering anion concentrations 3,
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000x that of analyte. Such selectivity for Cr(VI) over other coexisitng
anions is superior to other recent reports for Cr(VI) adorbents (J. Deng
et al., 2022; M. Li et al., 2022; Sahu et al., 2021; Valle et al., 2017).

The Cr(III) interference studies were performed in the prescence of
common cations found in drinking water sources, which include Na™,
K', Ca®", and Mg?" (Zachara et al., 1987). Fig. 11 below shows the
results for the interference studies of pristine BC. The monovalent cat-
ions (Na®, K™) slightly increased Cr(III) adsorption up to 100 ppm of
interfering cations, and then slightly depressed chromium % removal by
approximately 15% at 1000 ppm. Conversely, the divalent cations
(Ca2+, Mg2+) left Cr(Ill) adsorption unaffected at 0.3 ppm, and
enhanced adsorption from 3 to 1000 ppm. With binding near 95% in
higher concentrations of interfering ions, this shows excellent selectivity
for Cr(III) adsortion over other common cations, upon the pristine BC
adsorbent. With this increase in % Cr(III) removal, it can be hypothe-
sized that increasing the ionic strength of the solution could be reducing
the radius of the hydrated chromium ions leading to greater concen-
trations of adsorbed Cr(III) per adsorption site (T. Wang et al., 2013; Y.
Wu et al., 2008). With the amino modified BC, monovalent cations
enhanced Cr(III) adsorption to nearly 100% at all interfering ion con-
centrations, showing improved selectivity at higher ionic strengths. For
the divalent cations Cr(II) adsorption was enhanced to nearly 100% for
interfering ions concentrations at 100 ppm or lower. Above 100 ppm the
binding was depressed to approximately 60% removal at 300 ppm and
near 20% removal for 1000 ppm of interfering cations. As can be seen in
Fig. 4d, Cr(IIl) exists in the Cr(OH)** at a pH of 4, therefore, divalent
cations displayed a greater level of competition vs the monovalent cat-
ions. In either case, with such peformace observed for both the pristine
and amino modified BC materials, fantastic selectivity was mainted for
% Cr(III) removal in matrices up to 100 ppm of interfering ion, which
corresponds to water source of medium hardness. Thus, under hard or
very hard water conditions (>300 ppm) it would appear that the pristine
BC would be less susceptible to interferences when removing Cr(III)
from drinking water sources (Water Science School, 2018).

4. Conclusions

Through the pyrolysis of a food waste product (pineapple skin) and
green amino modification, the current work demonstrates a highly
effective adsorbent material for chromium removal for polluted water
sources. Through comparison of various characterization and adsorption
testing it is proposed that chemical modification of the BC adsorbent
resulted in reduced surface electronegativity, leading to improved
interaction with the Cr(VI) containing anion. Post modification dimin-
ished N-O functionalities were observed, with new N-H and C-N bonds
present. With the addition of the amino functional group, this creates
further opportunity for additional adsorption mechanisms, including
possible hydrogen bonding and complexation, which greatly improved
the percent removal of Cr(VI) under identical conditions. The amino
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modification led to spontaneous Cr(VI) adsorption at all three reaction
temperatures, occurring in an exothermic process. With a binding ca-
pacity of 46.5 mg/g of Cr(VI) a 10x improvement on Cr(VI) removal,
and a 6x improvement on Cr(III) removal (27.1 mg/g) was observed
when compared to the pristine BC. Pristine BC showed an exothermic
trend for Cr(VI) adsorption and endothermic for Cr(IIl), while the amino
modified BC expressed a complete exothermic process for both ions. In
addition, the pristine BC was observed to bind spontaneously to Cr(III),
while both Cr(VI) and Cr(III) binding to the amino modified was spon-
taneous at room temperature. SEM-EDS revealed that Cr(VI) adsorption
occurred in areas of high nitrogen atom concentrations, suggesting
enhanced coordination at these sites.

Regarding performance of the adsorbents in real matrices, interfer-
ence studies revealed excellent selectivity for Cr(VI) adsorption upon the
amino modified adsorbent, and selective adsorption of Cr(III) in both
adsorbents. Pristine BC was significantly impacted by the presence of
competing anions for the adsorption of Cr(VI). Conversely, the amino
modified BC was unaffected in solutions up to 100 ppm of interfering
anions, and synergized increasing removal performance (>90%) at 300
& 1000 ppm. This performance was favorable considering that Cr(VI)
was present at 0.3 ppm, within interfering anions nearly 3,000x more
concentrated. For the pristine BC Cr(III) % removal was largely unaf-
fected at all tested interfering cation concentrations, showing much
promise for real world applications. Whereas, Cr(IIl) adsorption upon
the amino modified BC was synergized to nearly 100% removal when
cations interfering solutions had concentrations of up to 100 ppm, and
the binding was suppressed thereafter for divalent cations. With such
performance it can be seen that the amino modified BC should perform
excellently for Cr(VI) removal, even in highly complex matrices, as well
as for Cr(IIl) contained in moderately hard waters. While the amino
modified BC has showed cased excellent selective remediation for both
Cr ions, further testing should be geared towards implementing in this
material into stationary supports or membranes in order to heighten this
materials probability for upscaled water treatment applications.
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