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ABSTRACT: The current investigation deals with the treatment

Cotton Stalks
v

of water pollution that is caused by the leaching of nickel ions from 2 csp.d

the metallurgical industry and new-energy batteries. Therefore, an ¥ @
eco-friendly treatment of nickel through the use of a composite of = Pyrebsis - ()
cotton stalk biochar with nanozerovalent copper has been s

presented in this investigation signifying the impact of zerovalent _> @ _> = @ B, sl
copper in enhancing the adsorption capacity of biochar for nickel Decontaminated water  CSB-Cdl
adsorption. Thermogravimetric analysis data showed the adsorbent L L (

to be significantly stable in the higher thermal range, whereas CShcl Nickel Soion @
transmission electron microscopy analysis confirmed the particles .

to be 27 nm and also showed the cubic geometry of the particles. A
much closer scanning electron microscopy analysis shows the
morphology of particles to be cubic in shape. Batch adsorption
indicated a positive influence of pH increase on adsorption due to the electrostatic attraction between positive nickel ions and post
point of zero charge (pHp) negative surface of copper biochar composite (pH > 5.5). A high adsorption rate was observed in the
first 60 min, whereas adsorption increased with the increase in temperature from 303 to 318 K. Kinetic modeling confirmed the
pseudo-first-order to fit best to the data. The apparent activation energy (11.96 k] mol™") is indicative of the chemical nature of the
process. The adsorption data fitted well to the Langmuir adsorption model. The negative values of apparent AG® and the positive
values of apparent AH® indicate the spontaneity and endothermicity of the process, respectively, whereas the positive values of
apparent AS® point toward increased randomness during the process. Postadsorption XPS suggests the adsorption of nickel on the
surface of biochar composites in the form of Ni(OH), and NiO(OH).

1. INTRODUCTION contaminated food or water, as well as breathing in polluted
ambient air.”® The maximum permitted limit of Ni** in
drinking water is 0.5 mg L7 Ni?* can cause headache,
dermatitis, nausea, and dizziness and can even cause cancer in
human beings. Daily uptake of nickel in food by humans is
about 0.1—0.3 mg.” The respiratory system, particularly the
nasal cavities, sinuses, and skin, and vital organs are mostly
damaged by exposure to nickel. It is found that nickel-plating
workers, who are more exposed to nickel, mostly suffer from
asthma. Many other respiratory effects caused by nickel
exposure include chronic rhinitis, bronchitis, diaphragm nose
erosion, decreased lung capacity, and increased respiratory
rate. Skin is highly susceptible to nickel and its compounds,

Nickel being a poisonous heavy metal is of great concern for
humans, animals, and plant species. Organic pollutants or dyes
are mostly degradable, but ions of nickel are nondegradable in
water. It remains in water in its toxic forms, and it is therefore
necessary to remove nickel from water in order to make it fit
for drinking purposes. Most of the compounds of nickel are in
the +2 oxidation state. However, zero, + 3, and +4 oxidation
state compounds are also found in nature as Ni(CO),,"
[Ni(phen),]*3, and Cs,NiFg.” It forms many large complexes,
most of which are colored green or blue. Laterites, includin
limonite, pentlandite, and garnierite, are its prevalent mineral.
Nickel is a pollutant commonly generated from metal
mining, electroplating, industries producing fat, agricultural
processes, as well as urban and other activities. Major sources
of nickel are the largest base metal smelter.” Ni may be
released into groundwater from rocks that contain nickel, but
the main source of nickel is from plumbing materials that leach
nickel in sources of drinking water.”* One of the most frequent
ways that people get exposed is via eating or drinking
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causing inflammation, eczema, and allergic dermatitis.® Nickel
poisoning can cause headache, breakdown, nausea, vomiting,
and extreme pneumonia.” Rhinitis, nasal perforation, and
bronchial asthma are the symptoms that are mostly observed in
nickel refiners and workers.

Various techniques are in use for the decontamination of
heavy metals from water such as filtration, coagulation,
membrane separation, precipitation, and so forth. However,
due to its efficiency, cost-effective nature, and simplicity,
adsorption has become the most suitable and preferred way to
eradicate heavy metal ions from aqueous solution as compared
to other techniques. Due to the porosity in structure and the
unique surface chemistry, various carbon materials like carbon
nanotubes'’ and graphene'' have been found to show a strong
affinity for heavy metals from aqueous solution. However, due
to their high cost, their application in water treatment is
limited. Biochar, because of its high porosity and heteroge-
neous surface chemistry, has a good adsorption affinity for
heavy metals. The extra availability of biochar makes it cheaper
as compared to activated carbon,'”'? thus justifying it as a
superior adsorbent among water treatment options in the
developing countries.

Biochar’s ability to adsorb pollutants depends on its
physiochemical parameters, which vary greatly from raw
materials to pyrolysis conditions.'* Nevertheless, excessive
heating of biochar leads to a decrease in the adsorption sites,
thereby decreasing the sorption capacities. This problem of a
decrease in adsorption capacities has been addressed by
compositing biochar with iron manganese'>'® and magne-
sium.'”'® However, the composites of zerovalent copper are
reported to be mechanically more stable in comparison to the
aforementioned composites of biochar.'” Moreover, zerovalent
copper can potentially increase the surface sites and surface
functionalities of raw biochar, making it more favorable for the
adsorption of nickel ions. Additionally, impregnation of copper
may also change the oxidation state of nickel ions during the
adsorption process, making it suitable for adsorption on the
biochar surface and thereby increasing the adsorption capacity
of the adsorbent.

Farmers in the field routinely burn large quantities of cotton
stalks. Subsequently, significant amounts of greenhouse gases
are released into the atmosphere (e.g., carbon dioxide, carbon
monoxide, ammonia, nitrogen oxides, and sulfur dioxide).*
Recycling crops, such as cotton stalk in this investigation, is,
therefore, an important need for value-added goods in order to
protect the environment from different hazards. This study,
therefore, combines zerovalent copper (Cu’) with cotton stalk
biochar (CSB) in the form of a more ecofriendly and stable
composite to eliminate nickel with high efficiency and cost-
effectiveness.

2. MATERIALS AND METHODS

2.1. Synthesis of Composite of CSB with Cu® (CSB-
NZVCu). Scanning electron microscopy (SEM) of CSB with
Cu® was performed using a NOVA FEISEM_450 microscope.
The composite of CSB with Cu’ was prepared by the method
reported earlier.'”” Washed biomass of cotton stalk was
pyrolyzed to 400 °C at 8 °C/min to prepare biochar.
Pulverized CSB (0.25 g) was mixed with a S0 mL solution
of copper sulfate (0.1 M) for 10 min and afterward titrated
with S0 mL solution of sodium borohydride (0.2 M) dropwise
to synthesize the composite of CSB-zerovalent copper (CSB-
nZVCu). After centrifugation and oven drying, the composite

was heated for 30 min at 300 °C before applying it for the
adsorption of nickel.

2.2. Characterization of Biochar Composite. The shape
and size of the composite of CSB with Cu’ were studied using
TEM (JEOL JEM 2100). Thermogravimetric analysis (TGA)
of CSB-nZVCu was performed under an air stream at a heating
speed of 10 °C/min using the TGA/DSC1 thermogravimetric
analyzer from Mettler Toledo.

The pH,, (point of zero charge) of the sample was
measured by using the pH drift method.”" Forty milliliters of
0.1 M NaCl solution was taken in various flasks, and the initial
pH (2—11) was adjusted in these flasks by adding 0.1 M
NaOH/HCI solutions as pH adjusting reagents. Later on, to
each flask was added 0.1 g of CSB composite, and the flasks
were shaken for 24 h in a shaker bath (GFL 1086) at 298 K.
The final pH was recorded after 24 h of shaking, and the
difference between the initial pH and final pH (ApH) was
calculated. In order to determine the PZC value, a graph was
plotted between ApH and initial pH, and the line crossing the
zero (of ApH) was taken as the PZC.

2.3. Adsorption Studies and Kinetic Modeling. Batch
mode experiments were conducted to explore the potential of
the CSB-nZVCu composite for nickel adsorption as a function
of concentration, solution pH, and temperature. The effect of
solution pH vs Ni removal was investigated by adding CSB-
nZVCu (0.1 g) into different flasks containing 70 mg L™" of Ni
solution (40 mL) maintained at a temperature of 303 K. The
solution’s pH was then modified with HNO;/NaOH (0.1 M)
solutions between 2 and 8. For studying the temperature effect
in the range of 303 to 318 K, similar conditions of
concentration and adsorbent dose, that is, 10—90 mg L™
and 0.1 g, respectively, were applied at pH S. These flasks
containing the suspensions were afterward shaken in a shaker
bath at 120 rpm. After 12 h, the solid biochar composite was
separated from the solutions through a Whatman filter paper
(no. 43), and the liquid filtrates were then checked for the
remaining Ni through an atomic absorption spectrophotom-
eter.

Kinetics of nickel adsorption on the biochar composite was
studied in the temperature range of 303—318 K and at pH 7.
Several flasks having Ni solutions (40 mL of 70 mg L™"') and
0.1 g of the adsorbent were shaken in a shaker bath for
different intervals up to 24 h. These flasks at different times
were then checked for final pH before filtration and afterward
were analyzed for remaining Ni through an atomic absorption
spectrophotometer.

The pseudo-first-order kinetics eq 1 and pseudo-second-
order eq 2 were applied to the kinetic data of nickel adsorption
on the biochar composite:

kit
1 —q) =1 -

og(q, — q,) = log(q,) 3303 0
t 1 t

- = —C + —

a. (kyq) 4 )

where g, and g, denotes the adsorbed nickel at equilibrium and
at any time, respectively, whereas k and k, are the pseudo-first-
and pseudo-second-order rate constants.

3. RESULTS AND DISCUSSION

3.1. Characterization. The composite of Cu’ with CSB
was characterized using various techniques. TEM micrographs

https://doi.org/10.1021/acsomega.3c04456
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are shown in Figures 1A,B and SI to analyze the particle size
and shape of the copper biochar composite. The image shows
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Figure 1. TEM images of CSB-nZVCu at magnifications of 200000X
(A) and 100000x (B).

the cubic form of the particles. The dark spots on the particle
indicate the presence of copper.”” The average particle size
calculated by using the equation in Image] software as shown
in Figure S1 was about 20.5 nm (xc is the average particle size
inside Figure S2), which is almost equal to the particle size
calculated from XRD by using the Scherrer equation.

SEM micrographs of the nanocomposite of Cu’ with CSB
were obtained at much closer magnifications as shown in
Figure 2. From the micrographs’ scale, it is clear that the
particles are in the nanometer range and uniform in size and
having a cubic morphology. Moreover, the small particles can
be seen sticking to the surface of biochar, which indicates that
zerovalent copper is evenly dispersed on the surface of biochar.

CSB-nZVCu was also subjected to TGA to understand their
thermal resistance and pyrolytic activity. Figure 3 shows the
thermal stability of CSB-nZVCu with the help of TGA curves
and weight loss differential (DSC) calculations. The 3% weight
loss up to 130 °C was attributed to the release of water from
CSB-nZVCu.”’ The breakdown of lignin and carbohydrates
takes place in the range of 300—700 °C which is supported by
the appearance of a broad endothermic DSC curve in this
range” as indicated by the 25% weight loss in this region. The
slower weight loss after 700 °C that is also accompanied by an

Figure 2. SEM images of CSB-nZVCu at 7.7 mm x 25.0k.
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Figure 3. TGA of CSB-nZVCu.

exothermic DSC curve beyond this temperature can be due to
the oxidation of zerovalent copper to copper oxide (volatile) or
breakdown of organic matter, which results in weight loss as
well as in the release of heat. The stability of the composite up
to 130 °C with only 3% weight loss indicates the composite’s
stability for retaining water, which in turn is beneficial for
sustaining its adsorption capacity for nickel removal from
aqueous solutions. The breakdown of organic compounds in
the higher-temperature regions indicates the presence of
different organic functional groups on the composite’s surface,
which may take part in the adsorption of nickel. It is confirmed
from the TGA/DSC curves that the biochar with the Cu
composite is robust and heat resistant even at a high
temperature of 1000 °C with a total weight loss of only
35%. The biochar consisted of a more stable form of carbon
with greater resistance as the pyrolysis temperature rose.

The samgle’s pHpzc (PZC) was measured using the method
of pH drift.”"** In order to determine the PZC values, a graph
was plotted between ApH and initial pH, and the line crossing
the zero (of ApH) was taken as PZC, and it comes out to be
5.5 as shown in Figure 4. The PZC value indicates that the
surface of the composite is positive below pH 5.5 due to
protonation of the surface functional groups, and this pH range
is suitable for attractive interactions with the negative metal
ions. The increase in pH above 5.5 creates more negative

https://doi.org/10.1021/acsomega.3c04456
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Figure 4. PZC of CSB-nZVCu.

surface charge on the surface due to deprotonation of the
surface functional groups which may electrostatically attract
the positively charged cations such as nickel. The PZC value
therefore proves the suitability of this composite for the pH
range of drinking waters (6.5—8.5) for nickel adsorption.

In our previous work,”® we have reported the XRD, SEM,
XPS, and FTIR of this composite of Cu’ with CSB. XRD
confirmed the presence of Cu’ peaks, which was also
supported by the XPS studies, and such peaks are absent in
the amorphous virgin CSB (Figure S3), whereas the crystallite
size calculated using the Scherrer equation was 27.97 nm. SEM
supported the cubic morphology and porous structure of the
sample as compared to the less porous structure of the virgin
CSB (Figure S4), while the FTIR peak in the range of 600—
625 cm™! was due to the presence of Cu—O vibration.

3.2. Adsorption Studies. In a controlled screening test,
nickel was adsorbed (initial nickel concentration 30 mg L™" at
pH S and at 318 K) on the surface of CSB and a composite of
Cu® with CSB, as shown in Figure SS. As is clear from the
figure, there was a higher adsorption of nickel ions (97%)
observed on the composite of Cu’ with CSB as compared to
the virgin CSB which shows the enhanced adsorptive effect of
modification on CSB for nickel removal. This enhanced
adsorptive effect of the composite is due to the synergic effects
of both Cu’ and CSB for nickel adsorption as well as the
increase in the porosity of the composite as compared to the
virgin biochar, as is clear from the SEM images. Further study
for nickel adsorption therefore proceeded only on the
composite of Cu” with CSB.

3.3. Effect of Contact Time on Nickel Adsorption. The
effect of the contact time on the adsorption of nickel ions was
studied at pH 7 with a nickel concentration of 70 mg L™" and
at 303 K. As shown in Figure 5, the graph is plotted against
time (min) vs X (mol g™'). The graph shows the high
adsorption rate in the early 60 min due to the large number of
active sites being accessed, and the rate then decelerates
steadily in the later hours due to competition of nickel ions for
the limited number of adsorption sites. Four hours were taken
as the equilibrium time of the process according to the analysis
of the figure.

3.4. Kinetic Modeling for Nickel Adsorption. The
kinetic data were subjected to pseudo-first- and pseudo-
second-order models. The graphs shown in Figures 6 and S6
show that the data best followed the pseudo-first-order
equation in the case of nickel adsorption on copper biochar

Figure S. Effect of contact time on nickel adsorption on CSB-nZVCu.
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Figure 6. Pseudo-first-order kinetics for nickel adsorption on CSB-
nZVCu.

composite. The applicability of the pseudo-first-order equation
to the data shows the process of nickel adsorption on
zerovalent biochar composite to be diffusion-limited in nature,
and the pseudo-first-order rate constants are given in Table 1.

Table 1. Pseudo-First-Order Parameters and Apparent
Activation Energy (Ea)

temperature (K) k x 103 R? Ea (k] mol™")
303 11.05 0.98 11.59
313 9.212 0.99
318 8.982 0.99

3.5. pH Effect on Nickel Adsorption. The pH effect on
nickel adsorption is also studied at pH = 2—8 (to avoid
precipitation at higher pH) and at an initial nickel
concentration of 70 mg LY as shown in Figure 7. The figure
shows an increasing trend of adsorption with the increase in
pH with the maximum adsorption of 45.42 X 10° mol g~!
which can be explained with the help of the PZC of the copper
biochar composite. The figure shows that the increase of pH
increases the adsorption due to electrostatic attraction between
positive nickel ions and post-PZC (pH > 5.5) negative surface
of copper biochar composite, as shown in Figure 4. Reduced
adsorption in the lower pH range is conversely due to
electrostatic repulsion between nickel ions and the positive
surface below the PZC. Moreover, competition between H*
ions and Ni** ions for the surface may also lead to reduced
adsorption in the acidic pH range. A similar trend of
adsorption of nickel is reported in the literature.'*

https://doi.org/10.1021/acsomega.3c04456
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Figure 7. Effect of pH on nickel adsorption on CSB-nZVCu.

3.6. Concentration and Temperature Effect on Nickel
Adsorption. Temperature and concentration effect on nickel
adsorption by the biochar composite surface is investigated by
varying the temperature in the range of 303—318 K and in the
concentration range of 10—90 mg L™ as shown in Figure 8.

50

N W
wu o

(X x106) mol g*
S

=
(%)

——303K

—m—308K
313K

318K

ol : : .

200 300

(Ce x10°) mol L1

=
o

400

Figure 8. Effect of temperature on nickel adsorption on CSB-nZVCu.

There was an initial increasing trend of adsorption in the initial
concentration range, which slowed as the concentration further
increased, finally coming to an equilibrium, and the curve
turned flat. Increased concentration of nickel ions versus the
limited number of adsorption sites can be the reason for lower
adsorption, leading to an equilibrium condition. Also, the
adsorption of nickel on the biochar surface increased from
34.12 to 43.48 mol g~' with the increase in temperature to 318
K. This increase of adsorption is attributed to more surface
sites that were created due to breakage of bonds on the surface
of the adsorbent in addition to an increased diffusion rate of
nickel ions onto the adsorbent surface.

3.7. Langmuir Model for Nickel. For nickel adsorption
on copper composite biochar surface, the Langmuir model is
applied in the temperature range of 303—318 K as shown in
Figure 9 according to the following equation.

2 1 Ce
X X xK X

max

(3)
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Here, Ce, X, and Kj, indicate the equilibrium concentration of
the adsorbate, adsorbed nickel, and binding energy constant,
respectively.

The high values of R* (>0.98) indicate that for nickel
adsorption on the biochar copper composite surface, the data
fitted well to the Langmuir model. Within the temperature
range studied, the increase of adsorption capacity (X,,) from
34 X 10° to 43 X 10° mol g~' and the binding energy constant
(K;,) obtained from the model (Table 2) show the

Table 2. Langmuir Parameters for Nickel Adsorption on
CSB-nZVCu at pH §

temp (K) X, X 10° (mol g7") K, X 1075 (L mol™) R?
303 34.12 0.264 0.99
308 39.21 0.063 0.99
313 42.92 0.063 0.98
318 43.48 0.640 0.99

endothermic nature of the process and also suggest increasing
number of surface sites to increase the temperature as
discussed in Section 3.6. The range of adsorption capacity
reported in the current investigation as shown in Table 3 is
higher than the adsorption capacities reported in the
literature.””*"

3.8. Apparent Activation Energy. The apparent
activation energy (Ea) of nickel adsorption on the Cu’-biochar
composite was calculated by applying the Arrhenius equation
to the kinetic data in the form

Table 3. Comparison of the Adsorption Capacities of
Different Adsorbents for Ni

adsorbent (mgg_l ) references

kaolinite-supported zerovalent iron 9.24 29

nanoparticles
chemically modified brown algae 11.63 30
sawdust of Dalbergia sissoo 10.47 31
agro-waste walnut shell biochar 13.25 32
magnetic biochar derived from Eichhornia 0.489 33

crassipes
compost 9 34
Chrysanthemum indicum derived biochar 29.44 35
wood vinegar treated secondary compost 28.7 36
rice straw biochar 13.34 37
present study for nickel on CSB-nZVCu 32.58 present study
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Ink=InA - Ea
RT 4)
where T (K), R, k, A, and Ea represent the temperature, the
general gas constant, the rate constant, the pre-exponential
factor, and the apparent activation energy, respectively. The
apparent activation energy (11.96 kJ mol™") was obtained from
the slope of a plot of Ink as a function of T~" (Figure S7) which
suggests the presence of a barrier to be crossed, and also its
value is indicative of the chemical nature of the process (8.3—
83.7 kJ mol™!).*®
3.9. Apparent Thermodynamic Parameters. Nickel
adsorption data at varying temperatures were used to calculate
the apparent thermodynamic parameters according to eqs 5
and 6 and are listed in Table 4

AS®  AH°
InK, = - =
BT TR RT (8)
AG®° = AH® — TAS® (6)

Table 4. Apparent Thermodynamic Parameters for Nickel
on CSB-nZVCu at pH §

AG® (kJ mol™")

AH° AS°
(kJ mol ™) (J mol") 303 K 308 K 303 K 318 K
126.55 0.430 —3.8779 —6.0302 —8.1826 —10.335

Both AH® and AS® for nickel adsorption on Cu’-biochar are
obtained as the slope and intercept of a linear plot of eq 4
(Figure S8) where K;, (binding energy constant from Langmuir
equation) and R (universal gas constant) are expressed in units
of L mol™ and J mol™" K™/, respectively. The obtained AH®
and AS° were then used in eq S to calculate AG® (Table 4).
The values of AH® and AS° obtained in the current study are
positive which points toward the endothermic nature of
adsorption and indicates the adsorption process to be
accompanied by increased randomness, respectively. The
negative values of AG® at all three temperatures indicate the
feasibility and spontaneity of the process. Moreover, the
increased negativity in AG® with the increase in temperature
shows that the process becomes more and more favorable at
higher temperatures. The trend of apparent thermodynamic
parameters obtained in the present investigation matches well
with the trend of thermodynamic parameters reported
elsewhere.”**’

3.10. Mechanism of Nickel Adsorption on Biochar
Composite. XPS study of nickel adsorption was performed to
understand the adsorption mechanism of nickel on the surface
of Cu’-CSB. The resulting spectra are shown in Figure 10 that
indicate the peaks of nickel confirming the adsorption of nickel
on the surface of the biochar adsorbent. Further deconvolution
of nickel spectra shows subpeaks at binding energies of 855.13
(Ni 2p,), 857.10 (Ni 2p,), 861.78 (Ni 2p,), and 879.14 (Ni
2p;) eV. These binding energy values of 855.13 and 857.10
suggest the adsorption of nickel on the surface of biochar
composites in the form of Ni(OH), and NiO(OH),
respectively, whereas the rest of the peaks are satellite
peaks.” The mechanisms of nickel adsorption on various
adsorbents are reported either as inner sphere complexation,
outer sphere complexation, ion exchange, or surface
coprecipitation.”' ~* Nature of the adsorbent, pH range, and
PZC are among the factors responsible for guiding the
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Figure 10. XPS Ni 2p spectra after adsorption on CSB-nZVCu.

mechanism of nickel adsorption. In adsorbents with more
hydroxyl-containing surface functional groups such as
—COOH, surface coprecipitation, as observed in the present
investigation, is mostly favored in which Ni is adsorbed as
hydroxide and oxyhydroxides."”” However, in adsorbents
having ion-exchange properties, ion-exchange mechanism for
nickel adsorption is observed. In the lower pH range, the
adsorbent mostly adsorbs as outer-sphere complexation,”’
whereas at higher pH, inner-sphere complexation™ and
coprecipitation of nickel ions are mostly observed. Surface
charge also plays an important role as the surface due to
deprotonation has, in many cases, more hydroxyl surface sites
than the protonated surface sites, resulting in a coprecipitation
mechanism for nickel adsorption to occur.”

4. CONCLUSIONS

Cu’-composite with CSB was used for the adsorption of nickel
from water. The adsorbent size calculated from TEM using
Image] software was 21 nm. TGA confirmed high copper
biochar composite stability at higher temperatures. PZC (5.5)
shows the suitability of the adsorbent for nickel adsorption and
also explains the higher adsorption of nickel on the adsorbent
with the increase in pH. An equilibrium time of 240 min was
settled for nickel, and the kinetic data obeyed the pseudo-first-
order equation. Increasing the pH and temperature supports
the adsorption of nickel on copper biochar. Nickle adsorption
on copper biochar indicated monolayer adsorbate coverage by
following the Langmuir model at all temperatures. The
adsorbent’s adsorption potential was found to be significantly
higher for nickel, signifying the appropriateness of zerovalent
copper composite with CSB to eliminate nickel from water.
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