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Phosphorous modified cocopeat
biochar as a low cost, efficient and
stable adsorbent for the removal of
Cu(ll) and Ni(ll) from aqueous and
real systems

Sadamanti Sireesha & I. Sreedhar™

Biochar is widely acknowledged as an environmentally efficient adsorbent for removing heavy metals
from wastewater. However, its practical application is often limited by insufficient adsorption capacity.
This limitation primarily arises from low surface area, suboptimal selection and utilization of chemical
activating agents, and inadequate development of surface functional groups, leading to reduced
stability. To address these challenges, the present study focuses on the synthesis and application of
phosphoric acid-activated non-edible coco peat biochar (PMCB) for the efficient and stable removal of
Cu?* and Ni2* from both aqueous solutions and real wastewater systems. Thus, this study focuses on
the synthesis and application of phosphoric acid-impregnated non edible coco peat biochar (PMCB)
for efficient and stable removal of Cu?* and Ni?* from both aqueous and real systems. The PMCB was
prepared at combined optimal conditions (Pyrolysis temperature and H;PO, impregnation ratio),
which improved its physicochemical properties compared to that of pristine biochar. The PMCB
exhibited superior adsorption capacities of 566.6 mg/g and 551.7 mg/g for Cu?* and Ni?* in batch tests
and 794.5 mg/g and 691.4 mg/g in column studies. The adsorption data by PMCB were well fitted by
the Langmuir isothermal and pseudo-second-order kinetic models, indicating monolayer chemical
adsorption controlled the adsorption process. Characterisation using XPS and FTIR confirmed the
presence of -PO, and -PO, functional groups in the modified biochar. These functional groups enhance
metal adsorption through precipitation, physicochemical adsorption, surface complexation, ion
exchange, and electrostatic interactions. PMCB demonstrated 99% removal efficiency for metals and
pollutants in single-component and real-world systems. Stability tests showed PMCB'’s reusability

for up to 20 cycles with a 96.0% desorption rate. Additionally, the spent biochar proved effective as a
bio-fertilizer. Cost analysis confirmed PMCB to be economically viable at 1.56 USD/kg (130.7 INR/kg),
making it a cost-effective, sustainable, and low-energy solution for industrial heavy metal removal and
wastewater treatment.

Keywords Real effluent treatment, Biochar reusability, Column adsorption, Hierarchical optimization,
Biofertilizer

Water is crucial for the survival of all living beings. However, industries such as metal plating, battery
manufacturing, metallurgy, mining and fertilizer manufacturing are among the primary sources of water
contamination with heavy metals"?. Due to their toxic, non-biodegradable, mutagenic, and carcinogenic
properties, it is essential to treat heavy metals correctly before their release into the environment®=. Various
methods have been employed to remove heavy metals from water, including precipitation, coagulation method®,
ion exchange, membrane separation, and adsorption’. Out of all these methods, adsorption has been widely
employed as a way of removing heavy metal ions. Its economic viability, parameters, and minimal sludge volume
are shown to be some of the significant advantages®.
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Biomass based adsorbents offer promising alternatives to address various environmental and financial
challenges which are inherent in other treatment methods. Factors such as metal types, functional groups,
surface area, and other adsorbent characteristics are pivotal in the binding of metals with biochar®!°. Despite
persistent challenges such as production complexity and the need for expensive reagents and equipment,
agricultural and industrial wastes like coco peat, rice husk, neem bark, slag, coconut shell, and peanut husk
are commonly utilized for adsorption processes'!. The Food and Agriculture Organization (FAO) highlights
the significant production of coconut residue in tropical regions where coconut trees are prevalent. Leading
countries in coconut cultivation, such as Indonesia (17.1 million tonnes), India (14.7 million tonnes), Sri Lanka
(2.5 million tonnes), Brazil (2.33 million tonnes), Vietnam (1.68 million tonnes), along with various African
nations, generate substantial amounts of coconut residue!2. Therefore, in this investigation, coco peat is utilized
as the primary material for developing adsorbents to adsorb Cu?* and Ni?* from both single and real effluent
systems.

Various studies have been conducted on functional groups, surface area, surface charge, and binding
capacity of biochar are enhanced using various reagents, such as hydrochloric acid, potassium hydroxide,
sodium hydroxide, and phosphoric acid*!*-!>. Among the mentioned acids, phosphoric acid can be considered
environmentally friendly. Phosphoric acid acts as a dehydrating agent, removing water molecules from the
biochar structure. The dehydration process enhances the surface area of biochar, allowing for greater adsorption
capacity of heavy metal ions. Additionally, this treatment increases the thermal stability and chemical resistance
of biochar, making it more durable in harsh environments'®!°, However, few studies have explored the use
of phosphoric acid-treated (PAT) biochar, derived from different feedstocks, for effective metal removal?*-23.
Previous studies suggest that PAT biochar holds promise as an economical candidate for wastewater treatment.
Despite this, there is limited investigation into the combined optimal pyrolysis temperature and H,PO,
concentration for PAT biochar production. Most of the research has primarily been on batch tests to evaluate
PAT candidates’ uptake capacity and behaviour for removing Cu?* and Ni?*. Additionally, the ability of these
adsorbents to remove multiple contaminants from actual effluent is not well discussed. PAT adsorbents tend to
lose their reductive properties after initial use, making the regeneration process difficult. Most of the previous
studies have focused on their single-use application for metal removal but have not focused much on the lifecycle
of the adsorbent and reusability?>?*-26. The motivation behind this study is to fill above mentioned research gaps
by providing comprehensive solutions. The primary focus of this study is on real-world systems collected from
the battery industry, which contain high concentrations of copper, nickel, and other pollutants. Additionally, the
study aims to find effective ways to manage spent adsorbent to minimize secondary pollution.

This study addresses existing research gaps by offering comprehensive solutions for removing heavy metals
specifically those from the battery industry, which often contain high concentrations of copper, nickel, and other
contaminants. It focuses on optimizing PMCB's physicochemical properties through ideal H,PO, concentration
and pyrolysis temperature, followed by a three-level process optimization: (i) optimizing adsorbent properties,
(ii) applying RSM to refine process parameters and maximize efficiency, and (iii) optimizing pH (surface charge)
and temperature (thermodynamic analysis) for ideal removal performance. This multi-level strategy ensured
maximum adsorption efficiency. The competitive behaviour of Cu®* and Ni** is analysed in multisystem and
real-world scenarios. The study also explores strategies for managing spent adsorbent to minimize secondary
pollution and confirms the economic viability of the biochar production, highlighting its potential for effective
environmental pollution control.

Materials and methods

Synthesis of PMCB

The purity of chemicals and raw materials used for biochar preparation is demonstrated in Sec.S1. CP (cocopeat)
was thoroughly washed with tap water to remove impurities and then sun-dried for seven days. The resulting
material was sieved to achieve a particle size of 300 um which was named coco peat adsorbent (CB). In Sec.
S2 and Table.S1-S2, a detailed analysis of the first level optimization process of H,PO, concentration and its
corresponding pyrolysis temperature is presented, addressing a critical research gap. In brief, the dried CB was
treated with various concentrations of H,PO, solution (CB to acid ratio of 1:5) and left for 24 h at ambient
temperature for impregnation. Then, the sample was packed into earthen pots, sealed to minimize oxygen
exposure, and gradually heated (heat rate of 278 K/min) in a muffle furnace up to different temperatures for 2 h.
After cooling, the sample was washed until it reached a neutral pH. This method produces up to 65.2% biochar,
with the synthesis protocol depicted schematically in Fig. 1. Various analytical methods were employed to
characterize the physical and chemical properties of PMCB before and after adsorption. A detailed explanation
of each instrument has been discussed in Sec.S3.

Adsorption experiments in batch mode

Adsorption experiments in batch processes are essential for understanding the interaction between heavy metals
and PMCB under controlled conditions. The detailed explanation can be seen in Sec.S4. These experiments help
determine the adsorption capacity, kinetics, and equilibrium characteristics of the PMCB.

Adsorption experiments in a column mode

Column experiments are essential for understanding the dynamics of adsorption processes under realistic
conditions, aiding in the efficient removal of contaminants. The detailed column fabrication is explained in
Sec.S5 and Fig.S1. The economic feasibility and the ability to reduce secondary pollution of adsorbents are
significantly determined by their reusability”’. Sec.S6 provides a detail procedure for regeneration studies.
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Fig. 1. Schematic representation of PMCB preparation method for Cu?* and Ni?* removal.

Results and discussion

Three level process optimization in batch mode

In batch mode, hierarchical optimization is employed to refine parameters for enhanced heavy metal removal.
The first level focuses on optimizing H;PO, concentration and pyrolysis temperature to improve biochar
properties. The second level applies Response Surface Methodology (RSM) to statistically refine conditions by
analyzing parameter interactions. Finally, the third level fine-tunes operational factors like pH and temperature to
maximize adsorption efficiency. This structured, stepwise approach ensures systematic optimization, addressing
key research gaps and enhancing the practical applicability of the developed adsorbent.

Second-level process optimization via RSM

Efficient utilization of the adsorbent involves maximizing adsorption capacity while minimizing factors like
contact time and PMCB dosage to achieve maximum metal removal while minimizing costs and energy
consumption?®. To carry out this optimization, a Central composite design (CCD) based approach integrated
with RSM was employed. Table S3 outlines the range of values considered for the independent variables, while
Table 1 shows the designed experiments generated based on input factors (concentration, contact time and
dosage) and out response (adsorption capacity) by using the CCD approach for copper and nickel.

The adsorption capacity of PMCB adsorbent is given by Eqgs. 1 and 2 respectively. Both equations were derived
through regression analysis using Response Surface Methodology (RSM), relating the independent variables
such as concentration (A), contact time (B), and adsorbent dosage (C) to the adsorption capacity. The equations
were fitted to the experimental data (Table 1) to predict responses and identify optimal process conditions.

Response 1 (Rcu®" mg/g) = 13.89 + 4.33"A + 0.1098"B — 4.29°C — 0.0247"AB
— 1.31"AC — 0.1129"BC — 0.9304" A% — 0.1494*B? + 1.27*C?

Response 2 (Rcu®" mg/g) = 13.62 + 4.46*A + 0.1301"B — 4.30°C — 0.0503"AB

2
— 1.24"AC — 0.0868"BC — 0.9894*A” — 0.1646"B® + 1.18"C* @
Analysis of Variance (ANOVA) was performed to assess the significance of the obtained quadratic model. The
p-value is less than 0.0001, indicating that the model is highly significant. Additionally, the adjusted R* and
predicted R? values were both similar and close to one for Cu®* and Ni** (the adjusted R* values were 0.97 and
0.96, respectively, while the predicted R? values were 0.98 and 0.97 for both metals. This underscores the models’
suitability for representing the adsorption capacity for both metals. In Fig. 2a, it was observed that when the
contact time increased, the adsorption capacity also increased. This can be attributed to the increased probability
for metal ions to reach the pores of the adsorbent over time. However, once the adsorbent was saturated, the
adsorption capacity reached a plateau and remained constant despite further increases in contact time. In Fig.
2al, the adsorption capacity initially rose with PMCB dosage and the metal ions’ initial concentration. However,
beyond a certain point, the capacity started to decline. This decline is likely due to the saturation of the surface
of PMCB with Cu* ions. Moreover, at higher initial concentrations, interactions between particles, such as
aggregation, reduce the adsorption capacity. Figure 2a2 also showed a higher adsorption capacity with increasing
contact time and PMCB dosage as a longer contact time allows for more utilization of available adsorption
sites on the adsorbent. The Fig. 2a3 graph (Predicted vs. Actual) showed RSM model accuracy, where closer
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1 100 4 2 50 40

2 350 1.5 2 173.4 163.4
3 350 4 0.6 583.0 563.04
4 225 2.8 1.3 190 180
5 225 2.8 13 197.7 187.7
6 100 1.5 0.6 153.8 143.8
7 100 15 2 50 40

8 100 4 0.6 166.7 156.2
9 225 2.8 1.3 191.6 181.6
10 225 2.8 13 195.8 185.8
11 350 4 2 172.4 162.4
12 350 1.5 0.6 566.1 556.1
13 435.2 2.8 13 332.3 329.3
14 225 2.8 13 190 189
15 225 2.8 1.3 192.5 190.5
16 225 4.8 1.3 180.0 178.2
17 14.8 2.8 13 14.5 10.2
18 225 2.8 0.12 620 590
19 225 2.8 2.5 91.6 87.2
20 225 0.64 1.3 169.4 160.2

Table 1. CCD analysis and design experiments for Cu?* and Ni?* removal using PMCB.
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Fig. 2. Multi-parameter optimization and modelling for Cu®* and Ni** adsorption on PMCB: (a-a3) Effects
of contact time, concentration, and dosage (b-b1) Influence of pH and pH,zc on removal efficiency (c-c1)
Temperature impact (300-333 K) (d-d1) Kinetic and isotherm models (e-el) Impact of coexisting ions in
different system.
alignment of data points to the diagonal line signifies high predictive reliability for adsorption capacity. Similar
trends as stated above were observed for Ni?*. The optimal values for concentration, PMCB dosage, and contact
time were determined to be 350 mg/L, 0.6 g/L, and 1.5 h respectively. The importance level for minimizing
contact time and dosage was set at level 4, whereas the importance level for maximizing adsorption capacity
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was set at level 5. At these optimal conditions, the adsorption capacity predicted by the model (566.7 mg/g for
Cu® and 551.7 mg/g for Ni**) closely aligned with the experimental values, showing a minor deviation of 1.05%
(564.85 mg/g for Cu** and 551.3 mg/g for Ni**). These results demonstrate significant improvement over recently
reported findings?*.

Third-level process optimization

Optimization of pH The adsorption process depends on many factors, such as the acidity of the solution and
the surface charge of the adsorbent®""¥2. To investigate the effect of pH on the adsorption of Cu** and Ni** onto
PMCB, a pH range from 2 to 10 was studied, with pH levels adjusted using 0.1 M HCl and 0.1 M NaOH as
shown in Fig. 2b. As pH increased from 2 to 6 we saw an increase in adsorption percentages for both Cu** and
Ni**, peaking at pH 6. At low pH values (2-4), the biochar surface was highly protonated and positively charged,
leading to significant competition from H* ions for adsorption sites, thereby reducing the efficiency of metal
ion removal®*. In the moderately acidic to neutral range (pH 5), the biochar began to deprotonate, reducing the
positive charge and making more phosphate groups (PO,*") available for binding Cu®* and Ni**. This resulted in
improved adsorption efficiency as the competition from H* ions decreased. At pH 6, phosphate groups on the
biochar surface predominantly exist as H,PO,~ and HPO,*" ions. These species facilitate the formation of surface
complexes with Cu®* and Ni** ions, where the metal ions directly coordinate with the oxygen atoms of phosphate
groups (e.g., M-O-POsH", M = Cu or Ni), enhancing metal adsorption34‘36. When the pH was neutral to slight-
ly alkaline (pH 7), the biochar surface became further deprotonated, becoming neutral or slightly negatively
charged, enhancing electrostatic attraction to the positively charged metal ions and their complexes, making this
range optimal for adsorption. However, at higher pH values (8-10), the biochar surface became predominantly
negatively charged, and Cu®* and Ni** tended to form insoluble hydroxide precipitates such as Cu;(POy), and
Ni;(PO,).. These phosphate precipitates contributed to higher adsorption capacities due to their solid nature
in aqueous solutions, as confirmed by XPS analysis. The results showed significant improvement in adsorption
capacities when compared to the reported studies'>¥’~%. However, the efficiency of metal ion removal declined
as more metal precipitated out of the solution rather than being adsorbed onto the biochar surface. These mecha-
nisms highlighted the optimal conditions for effective biochar-based adsorption processes, typically found in the
neutral to slightly alkaline pH range, around pH 6, for both metals in the experiment. Point zero charge (pH,_ )
characterization evaluated PMCB’s surface charge at different pH levels. Figure 2b1 shows that PMCB exhibits
a point of zero charge (pH, ) at pH 3.32, with optimal adsorption occurring at pH 6 for both Cu® and Ni**.
This indicates that at pH 6, the PMCB surface is negatively charged, enhancing the adsorption of these positively
charged metal ions. Therefore, it is recommended that adsorption of Cu®* and Ni** effluents be carried out at pH
6 for industrial processes.

Optimization of temperature Optimization of temperature involves maximizing efficiency while minimizing
energy consumption and environmental impact’. The experimental data obtained revealed that within the tem-
perature range of 300 to 333 K, temperature influenced the metal adsorption. As depicted in Fig. 2¢, the adsorp-
tion of both metal ions is most pronounced at around 303 K and gradually declines with further increase in
temperature. The highest Cu?* and Ni?* removal was achieved at 303 K, with adsorption capacities of 563 mg/g
and 543 mg/g respectively. The reduced adsorption at higher temperatures could be attributed to the diminished
electrostatic forces between the metal ions and PMC*!. The thermodynamic properties were calculated using
equations from the literature*>* to study the feasibility of the process. The data in Fig. 2c1 and Table S4 indicated
favourable thermodynamics for both metals’ sorption on PMCB across different temperatures. The equilibrium
constant (K ) increases for both metals, indicating heightened affinity. The AH® and AS° values of —16.6 kjmol™!
and - 54.3 Jmol LK respectively, for Cu?** and — 18.02 kJmol™! and — 58.4 Jmol*.K"}, respectively, for Ni**
were obtained with the help of slope and intercept of the graph of the Vant't Hoff equation. The negative AH?
for both metals signifies an exothermic reaction, suggesting the involvement of physisorption process*#*>. The
negative AS? for both metals signifies reduced randomness at the interface between PMCB and the solution
during sorption?®%. The negative AG® values indicate that the adsorption of Cu®* and Ni** onto PMCB is ther-
modynamically spontaneous, implying a natural tendency of the metal ions to bind to the adsorbent surface
without external energy input. A strong correlation for both metals (R*. ** = 0.97 and R?, ** = 0.98) between
experimental and model data indicates reliable predictions.

Kinetic and isotherm studies

The study used both linear (Fig.S2 and S3) and nonlinear (Fig. 2 (d-d1)) kinetic and isotherm models to analyze
the data. Recent literature indicates that nonlinear fitting is rarely used in isotherm-kinetic studies because of
challenges in data collection and plotting, which hinder better convergence?*”#8. Consequently, linear models
were specifically employed to explain and fit the experimental data. Linearized models for kinetic, isotherm,
and thermodynamic studies are popular due to their simplicity, enabling a more accurate assessment of fitting
parameters. Pseudo-first, second order, elovich and multistage stage fitting of intra-practical diffusion models
were used to fit the collected data and to identify the best model for the adsorption of both metals on PMCB**.
The calculated kinetic parameters are presented in Table S5, and the graphical analysis of these kinetic models is
shown in Fig. S2. The pseudo-first-order model (Fig. S2a) indicates physisorption interactions between PMCB
and metals, with R* values ranging from 0.96 to 0.97 for both metals. In contrast, the pseudo-second-order
model (Fig. S2b), which assumes chemisorption, demonstrated that the calculated q, values closely match
the experimental q, values (see Table S5), with R? values between 0.98 and 0.99 for both metals. This suggests
that chemisorption, involving electron exchange or sharing between the metal ions and PMCB, is the rate-
limiting step. These findings align with previous studies and highlight our research’s superior performance in
achieving the highest adsorption capacities®'~>. The Elovich kinetic model (Fig. S2c) provides insights into
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the heterogeneity of the surface of PMCB and chemisorption. However, the R? for the Elovich model was less
compared to the pseudo second-order model. Further analysis using multistage fitting of the intra-particle
diffusion kinetic model, revealed discrete stages in the adsorption, as shown in Fig. $2d. The graph (Q, vs. t'/2)
in Fig.S2d did not pass through the zero, depicting that the intra-particle diffusion kinetic model shows both
rate-controlling step and boundary layer diffusion. The first stage is dominated by boundary layer diffusion, the
second stage is dominated by intra-particle diffusion, and the third stage indicates equilibrium>*>. In this study,
the observed rate constants (K, > K;,) and equilibrium concentrations (C, > C,) for both Cu?* and Ni** removal
on PMCB suggest a more efficient metal uptake during the initial stage compared to the subsequent phase®.
Overall, the suitability of the kinetic models for Cu** and Ni?* adsorption follows the order: pseudo-second
order > intra-particle diffusion model > Elovich model > pseudo-first order.

The isotherm studies were conducted to characterize and quantify the adsorption capacity and mechanism
of the adsorbent for specific adsorbates®. The calculated isotherm parameters are presented in Table S5, and the
graphical analysis of these kinetic models is shown in Fig.S3. Fig.S3a illustrates a linear correlation between the
adsorbate uptake (q) and the initial concentration (Co) for both Cu* and Ni** ions onto the PMCB adsorbent. This
linear isotherm behaviour suggests a homogeneous adsorption process, characteristic of monolayer coverage,
where adsorbate molecules occupy discrete sites on the adsorbent surface without significant lateral interactions.
To elucidate the underlying adsorption mechanism in greater detail, the experimental data can be fitted to
established isotherm models such as Langmuir, Freundlich, and Temkin. This allows for the determination
of model parameters and the assessment of their correlation coefficients®*. The Freundlich model addresses
heterogeneous adsorbent surfaces and multilayer adsorption. In this model, adsorption is favourable when 1/n
is less than 1, cooperative when 1/n is greater than 1, and independent of concentration when 1/n equals 1.
The calculated 1/n values for Cu® and Ni** adsorption were 0.56 and 0.18, respectively, indicating a favourable
adsorption process. Experimental data exhibited a moderate correlation with the model, evidenced by high R?
values of 0.95 for Cu?>" and 0.96 for Ni**, as shown in Fig. $3b. The Langmuir isotherm, used for single-solute
systems, assumes that all available sites on the monolayer adsorbent surface have equal adsorption capacity?®. The
PMCB adsorbent exhibited high adsorption capacities (q,, ) of 564.97 mg/g for Cu®* and 552.4 mg/g for Ni**,
as shown in Table S5, indicating its strong affinity for the adsorbate. The calculated R, values within the range of
0 to 1 suggest a favourable and spontaneous adsorption process. The excellent correlation between experimental
data and the adsorption isotherm model, as evidenced by high R* values (0.97 and 0.98) in Fig. S3c, confirms
the reliability of the findings. Similar trends were observed in the literature, with improved adsorption capacities
for Cu?* and Ni?*?861:62 The Temkin isotherm describes interactions on heterogeneous surfaces, proposing a
decrease in the heat of adsorption as surface coverage increases®. This decrease, validated by thermodynamic
studies, specifies that the adsorption is exothermic, with a good correlation between experimental data and
the adsorption isotherm model, as evidenced by high R* values (0.96 and 0.987) in Fig. S3d. The Dubinin-
Radushkevich (D-R) isotherm helps determine whether the adsorption process is physical or chemical, based
on the mean free energy (E). An E value of < 8 k]/mol specifies physical adsorption, while values between 20 and
40 kJ/mol suggest chemisorption and a range of 8-16 k]/mol indicates an ion-exchange mechanism®%. In this
study, the E values were 2 kJ/mol for Ni** and 15.32 kJ/mol for Cu®*, suggesting physical adsorption for Ni** and
ion exchange for Cu®* as shown in Fig. S3e. Analysis of adsorption isotherm models indicated that the Langmuir
model exhibited the most favorable fit for both Cu** and Ni** adsorption, as evidenced by the highest adsorption
capacity and correlation coefficients as R? is presented (0.98 and 0.99).

Impact of coexisting ions in different systems

Adsorbents to remove multiple contaminants from actual effluent have not been well discussed so far. Therefore,
in this study, the performance of PMCB in simultaneously capturing various pollutants from single, multiple
aqueous systems and industrial wastewater was investigated. The effluent composition was analyzed using XRE,
while the concentration was determined by AAS, and the findings are presented in Table.S6. The influence of
coexisting ions in single and multiple aqueous systems is explained in detail in Sec.S7 and Fig. 2e. Experimental
conditions for the influence of coexisting ions in the real system include 3 g/L dosage, pH of 6, agitation at 180
rpm, and 100 mL effluent in a 250 mL beaker at room temperature. In the multi-ion system, the behaviour of
each metal ion is influenced by its distinct ionic size, electronegativity, and charge®®-%%. Pb?* ions with their large
size and high charge density exhibit strong affinity for PMCB functional groups (carboxyl (-COOH), hydroxyl
(-OH), and phosphate (PO 43’)) resulting in significant adsorption. Cu?*, possessing moderate size and high
electronegativity, also form strong complexes with the surface of PMCB, leading to substantial removal from
the solution. Ni%*, with similar characteristics to Cu?*, demonstrates effective complexation and electrostatic
interactions, contributing to their notable adsorption capacity. As?*, with moderate size and charge density,
exhibits less completion towards Cu?* and Ni?*. Zn?" which is smaller in size with a moderate charge density
displays moderate adsorption due to electrostatic interactions and complexation among other metals. The
PMCB exhibited remarkable performance by reducing Cu* concentrations from 984 mg/L to 1.5 mg/L and Ni**
concentrations from 750 mg/L to 1.9 mg/L, achieving compliance with industrial wastewater standards with a
removal efficiency of over 99% and shown in Fig. 2e1%°7. Additionally, PMCB effectively decreased the levels
of most of the pollutants to acceptable limits, as detailed in Table S6. A comparison of heavy metal removal
using PMCB in real systems with reported methods represented in Table 2. These results highlight the potential
of PMCB as an advanced and versatile adsorbent, offering a significant improvement over traditional selective
adsorption methods for treating real effluents.
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Comparison of PMCB Cu?*and Ni**removal with literature studies in batch mode
Modified biochar Adsorption factors Adsorption Capacity(mg/g) | Ref.
Crab processing by-product biochar | Dosage=5 g/L, pH=7.1,t=2h, C; = 100 mg/L and T=303 K 184.8 (Cu?") 104
Juglans regia magnetic Biochar Dosage=3 g/L, pH=6,t=2h, C, = 50 mg/L and T=303 K 16.83 (Cu?*) and 18.11 (Ni?*) | 10°
Coco nutshell biochar Dosage=5 g/L, pH=5,t=2h, C; =80 mg/L and T=298 K 89.0 (Cu®") 4
Coconut coir Dosage=2.5 g/L, pH=4.17, t=3.4 h, C; =400 mg/L and T=300 K 8.84 (Ni**) 106
Jackfruit fruit biochar Dosage=3 g/L, pH=6, t=1.5h, C; =50 mg/L and T=333 K 52.06 (Ni?*) 107
Coco peat biomass Dosage=0.6 g/L, pH=>5 (Cu**), 6 (Ni**), t=1h, C; = 350 mg/L and T=303 K | 58 (Cu**) and 48 (Ni**) Present study
Coco peat biochar Dosage=0.6 g/L, pH=5 (Cu?*), 6 (Ni?*), t=1h, C,=350mg/Land T=303K | 954 (Cu?*) and 85 (Ni?*) Present study
Cocopeat H,PO, treated biochar Dosage=0.6 g/L, pH=>5 (Cu?*), 6 (Ni**), t=1h, C, = 350 mg/L and T=303 K | 564.85(Cu’*) and 548.3 (Ni**) | Present study
Comparison with literature studies on column mode
Modified biochar Adsorption factors Adsorption Ref.
5‘;2’;thylenimme modified wheat | ¢ _ 10 mg/1, pH =5, flow rate =210 mL/h and Bed height =10 cm 48.6 (Cu?) 108
Neem leaf powder }Cllgi;st?%chgr both metals, pH =5, flow rate =300 mL/h and Bed 1545 (Cu?*) and 120.6 (Ni2*) 109
Almond shell C,=67.5 mg/L, pH =5, flow rate=180 mL/h and Bed height=7 cm 2.39 (Cu?") o
Phoenix dactylifera bio char }?é’l;}?to:rrll%;];] for both metals, pH =7, flow rate=600 mL/h and Bed 26.21 (Cu?*) and 0.09 (Ni%**) 1
NG | g 0 NV BT Ao e RO B g st )|
PMCB C,=350 mg/L, pH=5, flow rate =600 mL/h and Bed height=15 cm 794.5 (Cu?*) and 691.4 (Ni?*) Etrue;;m
Comparison of multi-metal removal with reported ones

Removal efficiency (%)
Adsorbent Source of Pollutant Cu?* NiZ* Zn** Ref.
Rice husk Electroplating industry 245 94.8 - - s
Magnesium oxide nanoparticles Textile and tannery effluent - 70.80 - - 1
Polyvinyl alcohol-modified chitosan Battery effluent 79.1 50.7 46.9 - 15
Peanut husk powder Industry Wastewater 51 24 38 100 3
PMCB Battery effluent 99.8 99.7 99.6 99.4 Present study
Comparison of Cost analysis per kg production of PMCB with literature
Adsorbent Adsorption capacity (mg/g) Cost (USD/kg) Ref.
Titania/graphene oxide 168.067 (Cu**) 46 16
Cherry kernels bio char 66.22 (Ni?*) 419 17
Rice straw biochar 35.71 (Zn?*) 2.6 18
Rice straw 32.81 (Zn*") 0.55 19
PMCB 566.6 (Cu?*), 551.7 (Ni**) and 178.2 (Zn**) 1.56 Present study

Table 2. Comparison of PMCB Cu?* and Ni**elimination with literature studies.

Column studies

Effect of column parameters

The effective utilization of adsorbents mainly depends on the consistent operation of fixed-bed columns, which
is a critical aspect for determining the feasibility of the process. To assess the performance of fixed-bed columns,
experiments were conducted on varying parameters like the height of the PMBC bed (ranging from 5 to 15 cm),
the flow rate of the solution (600 to 1200 mL/h), and initial concentrations of copper and nickel (ranging from
100 to 350 mg/L). The effect of column parameters is explained in Sec.S8 and the results of these experiments
are compiled in Tables S7, S8 and S9. By analyzing breakthrough curves obtained from these experiments, the
uptake capacity in continuous mode was determined, leading to the insights discussed below.

Break-through curve modelling

Breakthrough curves are essential for the effective design and process optimization of adsorption columns.
Thomas and Yoon-Nelson (YN) models were used to characterize the adsorption of copper and nickel onto
PMBC7!72, The model equations and system factors used for scale-up in real applications are provided in Table
S9. Thomas’s model was employed to analyze continuous adsorption processes in a column and used to calculate
both the kinetic factors and maximum uptake capacity. The results revealed that the adsorption capacity of
the column (qy,) increased with higher bed height and initial concentration, but decreased with increasing
flow rate. This trend can be attributed to the fact that a taller bed provides a greater amount of adsorbent and
a longer contact time, enhancing adsorption. Similarly, higher influent concentrations offer a stronger driving
force for mass transfer, leading to more effective utilization of the adsorption sites. However, at higher flow
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rates, the reduced residence time limits the interaction between adsorbate and adsorbent, resulting in lower
capacity. In contrast, the Thomas rate constant (K, ) was found to decrease with increasing bed height and initial
concentration, but increased with higher flow rates. The decline in K, with bed height and concentration may be
due to more gradual mass transfer and longer equilibrium attainment time in deeper beds or under high loading
conditions. On the other hand, at higher flow rates, the rapid mass transport enhances the apparent kinetics,
thus increasing the rate constant. The models’ correlation and regression coefficients for the tested parameters

indicated that the Thomas model best described the sorption process, which is consistent with findings by

73,74

The YN kinetic model predicts the YN model rate constant (Ky,) and 50% break through time (T) from Table
S9. It was observed that K, increases with increases in flow rate and concentration and decreases with bed
height. In contract K, decreases with bed height.The Yoon-Nelson (YN) model estimates the rate constant
(Kyy) and the 50% breakthrough time (T) as shown in Table 9. It was observed that K, increased with higher
flow rate and initial concentration, but decreased with increasing bed height. This is because higher flow rates
reduce contact time, leading to faster breakthrough. Similarly, higher concentrations accelerate saturation of
adsorption sites, enhancing the breakthrough rate. In contrast, increasing bed height extends the mass transfer
zone and contact time, allowing more gradual adsorption, which lowers the value of Ky, 7374 A quantitative
valuation based on R* values preferred the Thomas model (R* = 0.99) over the YN model (R* = 0.98) from Fig. 3.
Remarkably, at an initial feed concentration of 350 mg/L, a bed height of 15 cm, and a flow rate of 900 mL/h, the
maximum uptake capacities for copper and nickel were 794.5 mg/g and 691.4 mg/g, respectively. Parallel trends

with better results were observed by

29,44,45,75

Physiochemical characterization of PMCB
The morphological characteristics of CB and PMCB were analyzed using SEM to examine their microstructures
and macrostructures in detail. Images of the core structure of PMCB, both before and after adsorption, are
shown in Fig. 4. The structure of CB differs from that of the PAT sample. In Fig. 4a, the lignocellulosic surface
construction of CB appears rough and integrated at a temperature of 383 K. In contrast, Fig. 4al shows the surface
of PMCB, which has an open-pored, flake-like texture. The surface morphology of PMCB reveals numerous
flakes with small pores and cavities, which are conducive to metal uptake due to the acid treatment’®7® at 823
K. Figure 4, a2-a3 shows PMCB after adsorption, showing occupied pores and fewer active sites. The majority
of the pores on the surface of PMCB are filled with metal ions through adsorption, resulting in fewer pores
compared to fresh PMCB. Additionally, the thickness of the flakes increased after adsorption, indicating that the
adsorbent had reached its capacity and could no longer absorb additional metal ions. The surface area of PMCB
also appeared to decrease post-adsorption, as the adsorbent had reached saturation. This was evidenced by the
thick, dispersed structures with large pores, further confirmed by BET analysis.

Elemental analysis of CB, pre and post-adsorption PMCB were analysed by EDX. It was hypothesized by

19,79

that stimulating H,PO, could lead to the development of a phosphate (-PO,’") and phosphite (-PO,’") bond
thereby improving the stability of carbon structures and improving metal adsorption. The results depicted in
Table.S2 reveal a notable rise in C and P content at specific pyrolysis temperatures and H,PO, concentrations.
This increase supports the hypothesis, highlighting the crucial roles of phosphorus and carbon in the adsorption
of copper and nickel. However, this characterization was based solely on qualitative observations using SEM
and EDX. Detailed measurements, including porosity, pore volume distribution, diameters, and surface area
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Fig. 3. Influence of operational parameters on column breakthrough curves for copper and nickel adsorption
onto PMCB: (a-b) Effect of bed height, (al-b1) Effect of flow rate, (a2-b2) Effect of initial concentration.
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Fig. 4. Physiochemical characterization of PMCB before and after adsorption of Cu?* and Ni?*: (a-a3) SEM
analysis (b) TGA analysis (c) FTIR analysis (d) BET analysis (e-e3) XPS analysis for Cu** adsorption (f-f3)
XPS analysis for Ni** adsorption.

of the coco peat, are provided below further elucidating the significance of surface characteristics in enhancing
sorption performance. The detailed analysis and explanation of TGA, FTIR and BET were explained in Sec.S9,
represented in Fig. 4b, ¢, d and BET surface comparison of PMCB with other adsorbents represented in Table
S.10.

XPS was utilized to analyze the elemental composition as well as the chemical and electronic state of atoms
within CB and PMCB, both before and after the adsorption of Cu** and Ni**®. In Fig.54, the Cls and O1s spectra
of XPS for CB are presented. The Cls spectrum (Fig.S4a) shows a single peak at 284.48 eV, attributed to C = C.
The Ols spectrum (Fig.S4b) displays a peak at 532.48 eV, indicating the presence of metal COs. Fig.S4c depicts
the XPS survey scan of CB’s elemental content. For PMCB, Fig.S5 illustrates the elemental content of C, P, and O
with lower binding energy compared to CB due to pyrolysis. The Cl1s spectrum (Fig.S5a) shows three peaks such
as C at 284.88 eV, carbonyl group at 286.78 eV, carboxylic group (O = C-O) at 288.2 eV, and carbonate group
(CO5™) at 289.2 eV8L. Fig.S5b shows two peaks which peak one is phosphorous(V) pentaoxide at 532.60 e.V
and peak 2 is sodium diphosphate at 533.40. Fig.S5¢ displays the P2p spectrum, indicating peaks corresponding
to phosphate (PO,*") at 132.2 eV and phosphorus pentoxide (P205) at 134.21 eV. This confirms the hypothesis
proposed by'*”® that the stimulation of H,PO, could result in the formation of phosphate (PO4*)) bond, thereby
enhancing the stability of carbon structures and improving metal adsorption. Fig.S5d displays the XPS survey
scan of PMCB’s elemental content. Figure 4e-el and 4f-f1 show the Cls spectra of PMCB with peaks at 284.78 eV,
287.2 eV (carboxylic group, O = C-O), and 289 eV (carbonate group, CO;”"), observed after the adsorption of Cu
and Ni. The molar ratio of O = C-O, C-O and CO;*” improved significantly in the PMCB sample after adsorption,
indicating the involvement of hydroxyl and carboxylic groups in heavy-metal removal which indicates surface
complexation mechanism. The molar ratio of the C = O group on PMCB decreased after the adsorption of Cu
and Ni ions. In Fig. 4e2, four peaks are observed, representing Cu**, CuCO,, CuO, and Cu,(PO 4)282‘84. Figure
4e3 shows the XPS survey scan of PMCB after copper adsorption. Figure 4f2 displays seven peaks corresponding
to Ni**, NiO, Ni,(PO,),, Ni’, NiOOH, and Ni(OH),, after nickel adsorption, while Fig. 4f3 shows the XPS survey
scan of PMCB after nickel®>#¢. XPS Simplified and the National Institute of Standards and Technology (NIST)
database were taken for XPS analysis of CB and PMCB before and after the adsorption of Cu®* and Ni**.

Adsorption mechanism

Biomass-based biochar is a versatile material which can be chemically altered to enhance its affinity towards
metal ion adsorption'®. XPS examination could detect the phosphate (PO,’") and phosphorus pentoxide (P,0,)
on PMCB following H,PO, modification® . A comprehensive investigation of PMCB revealed two types of
adsorption processes such as surface diffusion, intra-particle diffusion and five types of adsorption mechanisms
which were illustrated in Fig. 5 including (1) ion exchange, (2) electrostatic interactions, (3) surface adsorption,
(4) precipitation, and (5) surface complexation. The adsorption process begins with ion exchange, where
copper and nickel ions replace other ions on the biochar surface, effectively immobilizing them. Phosphoric
acid modification introduces carboxyl, hydroxyl, and carbonyl functional groups onto the biochar matrix.
These oxygen-containing groups impart a negative surface charge, facilitating the electrostatic attraction of
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Fig. 5. Pictorial representation of adsorption processes and mechanisms during copper and nickel removal by
PMCB.

divalent cations such as copper and nickel. Subsequent surface complexation reactions between the metal ions
and functional groups enhance the sequestration capacity of the biochar for these pollutants. This process was
validated through XPS binding energy values and FTIR analysis?*-%. At pH levels above 6, Cu** and Ni** ions
precipitate as insoluble compounds, specifically Cu,(PO,), and Ni,(PO,),, as confirmed by the pH study and
validated by XPS analysis. The negative AH® and AS° values indicate that the adsorption of Cu®* and Ni** on
PMCSB is an exothermic, spontaneous process driven by physisorption with decreased randomness at the solid-
solution interface. Kinetic studies showed that the pseudo-second order could best fit the data, indicating the
occurrence of chemisorption. BET and SEM analyses revealed numerous micropores on the surface of PMCB,
suggesting that the surface diffusion phenomenon was predominant. The intra-particle diffusion model indicated
that the adsorption process involved both the rate-controlling step within the porous material (intra-particle
diffusion) and the transport of solute molecules from the bulk solution to the material’s surface (boundary layer
diffusion) for both metals®"3.

Regeneration, reuse and cost analysis studies

Regeneration studies

Regenerating adsorbents by desorbing the adsorbed metal ions under suitable conditions is crucial for enabling
repeated use and reducing material costs*#?°. To delve into this, regeneration experiments were conducted with
a contact time of 1.5 h, initial copper and nickel concentrations of 350 mg/L, at a temperature of 303 K, a pH of
6 and a stirring speed of 180 rpm. Various eluting agents (0.4 M solutions of H,SO,, HCI, HNO,, and distilled
water (DI water) were tested and presented in (Fig. 6a). Among these, 0.4 M H,SO, demonstrated the highest
desorption efficiency. To find the optimal concentration of H,SO,, experiments were carried out with varying
concentrations from 0.1 M to 1 M. The results indicated that 0.6 M H,SO, provided the highest desorption
efficiency (Fig. 6b). However, increasing the concentration to 0.8 to 1 M resulted in precipitation. Based on these
findings, 0.6 M H,SO, was selected for further studies. To assess PMCB’s stability and regenerative capacity,
adsorption-desorption cycles were repeated under identical process conditions. PMCB exhibited the potential
for adsorption for up to 20 desorption cycles which is shown in Fig. 6c. Desorption of both ions from PMCB
exhibited an efficiency of 98.6% and 96.0%, respectively and the detailed table with adsorption capacity values
mentioned in Table S11.

Spent Biochar as a biofertilizer to prevent secondary pollution

From reported studies of heavy metal removal using biomass based adsorbents, it could be observed that very
little focus was laid on developing an effective reuse strategy of the spend adsorbent which could be critical
for sustainable and circular economy. Few studies have investigated the conversion of biomass and char into
briquettes®>. However, the no attempt was made to use spent phosphoric acid-modified biochar (PMCB) as a
soil amendment biofertilizer®%. In this study, three types of soil mixtures were used in terms of their response
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Fig. 6. (a-c) illustrates the regeneration studies on Cu?* and Ni**(a) Selection of eluting agent (b) Selection of
optimum H,SO, concentration (c) Cyclic studies of PMCB candidate, and (d-d1) illustrates the impact of spent
PMCB on plant development using soil mixtures: G, (soil + spent biochar), G, (soil + NPK), and G, (pure soil),
focusing on (d) Seed germination and (d1) Shoot length.

to promote the growth of sorrel (Gongura). Three plastic pots G,, G,, and G, presented in Fig. 6d, represent soil
mixed with spent biochar (G,), soil mixed with NPK (G,) and regular soil (G,). The results clearly indicated
that incorporating spent PMCB into the soil (pot G,) resulted in quicker seed germination and improved plant
growth compared to pots G, and G, as shown in Fig. 6d. Additionally, the biochar incorporated soil in pot G,
demonstrated superior shoot strength and growth compared to pots G, and G, as shown in Fig. 6d1. After one
week, this improved performance could be attributed to the biochar’s phosphorus content (H,PO, treatment),
which served as a vital nutrient for the plant growth?”. But caution was needed before these plans could be
used for human consumption as they were grown using soil with spent biochar having heavy metals. More
advanced studies are recommended in this direction®®*. However it proposed that soils possessed with heavy
metals could serve as suitable environment for cultivating decorative plants'®”1%!. The resulting plant biomass
could be repurposed for various applications such as air fresheners, cut flowers, perfumes, metal phytomining,
and as feedstock for silk production. Moreover, these plants pose a lower risk of heavy metal bioaccumulation
compared to traditional crops. Based on these findings, there is a great potential for spent PMCB to be utilized
as a biofertilizer in pot plant systems, which are increasingly becoming popular in malls, offices, and institutions
as indoor gardens. More technical studies were needed to validate this conclusion.

Cost analysis of PMCB Preparation

The abundant production of coconut in southern India provides a rich source of raw materials, making biochar
a promising solution for heavy metal remediation. Evaluating the cost of making biochar is essential for
assessing its viability as an engineered solution for removing heavy metals from wastewater!?2!%, In addition
to the assessment of PMCB’s efficacy in eliminating both metals from wastewater, cost analysis of producing
engineered biochar from coconut waste was explored. The cost analysis for 1 kg PMCB production is explained

in detail in Sec.S10 and Fig.S6. The comparison of the cost of PMCB production over commercially available
candidates is presented in Table 2.
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Comprehensive comparison of PMCB with literature
PMCB exhibits superior performance in batch mode, column mode, multimetal systems, and cost analysis,
outperforming many previously reported results as shown in Table 2.

Conclusions

From the findings, it could be concluded that H;PO4-modified biochar (PMCB) was an effective adsorbent for
heavy metal removal, having been identified through a rigorous three-tier screening process. By optimizing
the synthesis conditions (0.6 M H;PO, concentration and a pyrolysis temperature of 823 K), PMCB exhibited
enhanced physicochemical properties, resulting in high adsorption capacities for Cu** (566.6 mg/g in batch tests
and 794.5 mg/g in column studies) and Ni** (551.7 mg/g in batch tests and 691.4 mg/g in column studies). PMCB
demonstrated over 99% removal efficiency for these heavy metals in both synthetic and real effluent systems.
Additionally, PMCB exhibited impressive stability with reusability for up to 20 cycles and a 96.0% desorption
rate, with the spent biochar showing a good potential as a bio-fertilizer. Cost analysis further supported the
viability of PMCB, with a production cost of just 1.56 USD/kg (130.7 INR/kg), indicating its potential as a
sustainable, cost-effective solution for industrial heavy metal removal from wastewaters.

Data availability
All data generated or analysed during this study are included in this published work (and the supplementary
information files).
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