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ABSTRACT: Microalgae offer the potential to generate a range of
high-value products, and after the extraction of value-added com-
pounds, the residual biomass can be upcycled to truly turn “waste”
into wealth within a zero-waste biorefinery framework. In this study,
residual Phaeodactylum tricornutum biomass obtained after lipid
extraction was utilized to produce biochar via pyrolysis at three differ-
ent temperatures. The physicochemical properties show that the bio-
char obtained from 550 °C exhibits a higher amount of inorganic
nutrients (K, Mg, Na, Ca, P, Fe), a porous and disordered structure,
a moderately higher specific surface area, and active functional groups.
When applied as a contaminant adsorbent, the biochar shows signifi-
cant Pb removal efficiency with a maximum adsorption capacity of
476.19 mg/g. A kinetic and adsorption isotherm study revealed that J
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the adsorption is well-defined by the pseudo-second-order model and o
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the Langmuir adsorption isotherm model, respectively.
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1. INTRODUCTION surface water and groundwater.9 Thus, it is an urgent need to
2025

6

In recent years, the quality and availability of potable water have
significantly deteriorated due to industrial development and
related human activities. The constant release of various pollut-
ants, including inorganic and organic contaminants and heavy
metals, into water bodies via industrial wastewater effluents
and excess stormwater is the primary reason for water degrada-
tion, directly affecting human health and water security. The
worldwide annual discharge of untreated industrial wastewater
and sewage into water bodies is around 172 billion cubic
meters.1 As of 2022, 2.2 billion people were unable to access
safe drinking water, and more than 6 billion people will face
the challenge of accessing quality water globally by 2050.2,3

Due to its high mobility and persistence, lead (Pb) is consid-
ered one of the most toxic heavy metals released into water
bodies through industrial effluents.4 It accrues easily in living
organisms even at a very low concentration and causes human
health complications, including anemia and high blood
pressure, particularly for middle-aged and older people.5

Long-term contact with Pb causes severe damage to the kidney,
nervous system, and brain in adults.5,6 Moreover, the high Pb
concentration causes adverse effects on neurodevelopment,
including decreased psychological function and impulsivity
and carelessness in children.7 The maximum acceptable level
of Pb in drinkable water is 10 μg/L.8 However, it is found that
the Pb concentration is still higher than the permissible limit in
measure and remove the excess amount of toxic Pb from water
to protect the community’s health.
Several treatment methods have been employed to remove

pollutants from wastewater, such as precipitation, ion exchange,
reverse osmosis, membrane separation, electrochemical treat-
ment, and evaporation. However, most of these methods are
costly and therefore not commercially adopted, particularly
when the concentration of pollutants is low in wastewater.
These methods also generate waste sludge, which presents
another problem for practical application.10 Recently, adsorp-
tion has been considered a promising, inexpensive approach
for removing contaminants from wastewater due to its ease of
operation, low cost, rapidity, and high efficacy.11 Many adsor-
bents have been explored for removing Pb(II) from wastewater,
including carbon nanotubes, activated carbon, and agricultural
waste materials.12−14 However, the application of these
https://doi.org/10.1021/acssusresmgt.5c00556
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adsorbents is limited due to their low efficiency, high cost, and
low selectivity.11

Biochar is a solid product derived from diverse terrestrial and
algal biomasses through thermochemical processes, such as
pyrolysis, hydrothermal carbonization, and hydrothermal
liquefaction.15−17 Over the past decades, interest in converting
biomass into biochar has surged and continues to grow due to
its environmental benefits and sustainability.18 It has also gar-
nered significant research interest globally due to its potential
in addressing some of the critical global challenges, including
GHG mitigation, environmental pollution, soil amendment,
and long-term carbon storage in the soil.19 Biochar is widely
used for removing heavy metals and inorganic and organic pol-
lutants from wastewater due to the availability of feedstocks and
intriguing physicochemical properties, including stability,
enriched surface functional groups, high specific surface area,
large pore volume, and high adsorption capacity.20,21 The pres-
ence of inorganic nutrients in biochar introduces it as an effec-
tive fertilizer and conditioner to improve soil fertility and crop
productivity by altering the chemical, physical, and biological
properties of the soil.22 The physicochemical properties of bio-
char vary depending on biomass materials and preparation
conditions.

Recently, the production and utilization of biochar from both
macro- and microalgae-based biomass have gained tremendous
research attention from the scientific community due to their
sustainability and diverse physicochemical properties.23 The
biochar preparation from the residual biomass of microalgae
after the extraction of lipid, protein, and fatty acids is a promis-
ing sustainable approach, which not only reduces the cost of the
overall process but also provides a solution for solid waste man-
agement.24 The lipid extraction process disrupts the cell struc-
ture of microalgae, breaking it into small fragments and thus
increasing the specific surface area of residual biomass and sub-
sequent biochar. Lipid extraction also reduces the yield, carbon
content, and the formation of toxic compounds.25,26 Compared
to biochar obtained from other biomasses, residual microalgae-
based biochar may exhibit a better adsorption capacity due to its
large surface area, porous structure, high mineral content, and
rich surface functional groups.27 Based on the circular economy,
the residual algae-based biochar appears as a sustainable and
cost-effective alternative for developing wastewater treatment
systems.28

In this study, we collected residual Phaeodactylum tricornutum
biomass after extracting lipids and used pyrolysis to prepare bio-
char at three different temperatures. Several characterization
techniques were employed to investigate the properties of the
biomaterials. The current work aims to examine (1) the optimal
pyrolysis temperature to achieve a material with better quality
in respect of structural properties, including surface area, surface
functional groups, inorganic minerals, and thermal stability;
(2) the feasibility of using residual microalgae-based biochar
for Pb adsorption from contaminated water; and (3) the effect
of concentration, contact time, and biochar dose on
Pb adsorption.

2. EXPERIMENTAL SECTION

2.1. Preparation of Biochar

The residual biomass of P. tricornutum was washed repeatedly with MQ
water and dried in a freeze dryer for 48 h. The dried biomass was pul-
verized into a powder using a grinder and then sieved through a
B

0.25 mm sieve. 30.0 g of biomass powder was taken in a high-purity
rectangular alumina crucible and placed in the middle of a horizontal
tube furnace (Lab Tech, model STF1200). The biomass was pyrolyzed
with a continuous N2 flow (3.0 L/min) at a heating rate of 10 °C/min
to final temperatures of 450, 550, and 650 °C, respectively, for 2 h. N2
was passed for at least 20 min before heating began, and the N2 flow
was continued after finishing the pyrolysis time until the temperature
reached <100 °C. The material was cooled to ambient temperature
and stored in air-tight plastic jars for further analysis. The biochar sam-
ples obtained from residual P. tricornutum biomass at three different
temperatures were named as PB450, PB550, and PB650, respectively.

2.2. Characterization

The surface morphology of P. tricornutum-derived biochar samples was
examined using scanning electron microscopy (SEM) (Zeiss EVO
LS15) coupled with energy-dispersive X-ray spectroscopy (EDS).
The surface functional groups were determined using Fourier trans-
form infrared (FTIR) spectroscopy in ATR mode (Nicolet FT-IR
6700) in the wavelength range between 4000 and 400 cm−1. The
percentages of C and N, as well as the C/N ratio, were analyzed using
a CN analyzer (LECO-400). A pH meter (inoLab pH level 2,
Germany) was used to measure the pH; 2 g of biochar was dispersed
in 20 mL of MQ water (1 W:10 V) and shaken for 20 min. The
elemental composition of the biochar samples and the Pb content
before and after adsorption were analyzed using ICP-MS (Agilent
Technologies 7700 ICP-MS). The nitrogen adsorption–desorption
isotherms experiments were performed using an ASAP 2420 instru-
ment from Micromeritics at 77 K. The samples were degassed at
200 °C for 12 h before the measurements, resulting in a 5% weight loss.
The Brunauer–Emmett–Teller (BET) and the Barrett–Joyner–
Halenda (BJH) methods were used to calculate the specific surface
area, pore size distribution, and pore volume. To determine the crystal-
linity, X-ray diffraction (XRD) (Bruker D8 DISCOVER) was
conducted using the range of 2θ from 10° to 80° with a step speed
of 5°/min. The thermal stability of biomass and biochar samples
was determined by using thermogravimetric analysis (TGA)
(TA Instruments SDT Q600-1255). Samples of biomass and
biochars produced at different temperatures (approximately 10.0 mg
each) were heated to 700 °C at a heating rate of 10 °C/min under a
N2 atmosphere.

2.3. Adsorption Experiment

To assess the adsorption capacity and efficiency, batch experiments
were conducted by varying the initial Pb(II) ion concentration, biochar
dose, and contact time. A stock solution for the Pb(II) adsorption
experiment was prepared by dissolving 10 g of lead(II) nitrate
(Pb(NO3)2) in 1 L of MQ water, resulting in a concentration of
10 g/L. This stock solution was then used to prepare a range of low
(0.2, 0.4, 0.6, 0.8, 1.0, and 2 mg/L) and high (0.05, 0.5, 2.0, 3.0, and
5 g/L) concentration solutions of Pb(NO3)2. 100 mL of 0.2 mg/L
solution was placed in three conical flasks, with each flask containing
100 mL of the same concentration. 500 mg of each biochar sample
(PB450, PB550, and PB650) was added to three flasks and shaken in
a reciprocating shaker at 150 rpm for 24 h. The solutions were filtered
through a 0.20 μm syringe filter. The same method was used to
evaluate the adsorption efficiency for each concentration of Pb(II).
The Pb(II) stock solution for each concentration and all filtered solu-
tions were diluted by 1% HNO3 and analyzed by using ICP-MS. To
prepare the standard curve, a standard solution of Pb(II) was used.
The calibration range was 0–100 ppb, and rhodium (Rh) was used as
an internal standard. The calibration curve was calculated using the
ratio of the element’s count per second (CPS) divided by the CPS of
the internal standard (rhodium). The internal standard was prepared
simultaneously with the sample, and the calibration standard was com-
bined within a t-piece before introduction to the plasma. The dilution
factor for each sample was chosen so that the concentration of the
elements fell within the calibration. Five technical replicates were
https://doi.org/10.1021/acssusresmgt.5c00556
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Figure 1. SEM images of Phaeodactylum residue-derived biochars.
PB450: (a) low magnification and (b) high magnification; PB550:
(c) low magnification and (d) high magnification; and PB650:
(e) low magnification and (f) high magnification.
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run for each sample to analyze adsorbed Pb(II) ions for all adsorption--
related experiments in ICP-MS. The initial pH of Pb(NO3)2 solutions
at different concentrations was around 6.6. The pH of Pb(II) solutions
was adjusted to 6.0 with hydrochloric acid.

The adsorption capacity and adsorption efficiency of the Pb(II) ion
were calculated using the following equations:29

adsorption capacity ðqeÞ= ðC0 −CeÞV
m

(1)

adsorptionefficiency ð%Þ= ðC0 −CeÞ=C0 × 100 (2)

In which C0 is the initial concentration and Ce is the final concentra-
tion of non-adsorbed Pb(II), while V (L) is the volume of solution and
m (mg) is the weight of the biochar.

2.4. Desorption Experiment

To evaluate the reusability of biochar, adsorption experiments were
conducted by using 5 repeated adsorption–desorption cycles. After
each adsorption cycle, 25 mL of 0.2 M HCl (desorbing agent) solution
was added and shaken for 2 h to regenerate the biochar. After each
desorption process, the HCl solution was discarded and washed with
MQ water to reuse the biochar. 100 mL of 500 mg/L Pb(II) solution
was added after each regeneration process and shaken at 150 rpm for
24 h. After each adsorption–desorption cycle, the lead content was
determined by using ICP-MS.

2.5. Adsorption Kinetics

The mathematical formulas of the pseudo-first-order (PFO) and
pseudo-second-order (PSO) kinetic models are presented in eqs 3
and 4, respectively.30

lnðqe − qtÞ= lnqe − k1t (3)

t=qt = 1=k2qe2 + t=qe (4)

where qe is the adsorbed amount (mg/g) of Pb(II) at equilibrium and
qt is the adsorbed amount (mg/g) at time t. k1 and k2 are the rate con-
stants of the adsorption of PFO and PSO, respectively.

2.6. Adsorption Isotherm

The linear form of the Langmuir and Freundlich isotherms can be
expressed according to eqs 5 and 6:31

Ce=qe = 1=KLqm +Ce=qm (5)

ln qe = lnKF + 1=nðlnCeÞ (6)

in which Ce and qe are the concentration and adsorption capacity,
respectively, at equilibrium, KL is the Langmuir adsorption constant
(L/mg), qm is the maximum adsorption capacity, and KF and n are
the Freundlich constants related to the adsorption capacity and adsorp-
tion intensity, respectively. KL, KF, qm, and n can be calculated from the
slope and intercept of the linear fitting Ce/qe versus Ce.

3. RESULTS AND DISCUSSION

3.1. Properties of Biochar

3.1.1. Surface Morphology. The morphology of residual
P. tricornutum biomass-derived biochar samples was examined
by SEM. Figure 1 shows the low- and high-magnification
SEM images of biochar samples prepared at three different
pyrolysis temperatures. As shown in Figure 1a–f, all biochar
samples display uneven and porous structures. These structures
C

were developed because of the volatilization of organic matter
during the pyrolysis.31

However, PB550 shows more damaged and porous struc-
tures, cavities, and channels (Figure 1c,d) compared to PB450
(Figure 1a,b) and PB650 (Figure 1e,f). This is due to the
release of more volatile matter and the decomposition of more
organic substances from etching pores during the pyrolysis at
550 °C. The presence of channels, pores, and cavities on the
surface of PB550 biochar could be beneficial for adsorption
of Pb.32

The nitrogen adsorption–desorption analysis was carried out
to study the porosity nature and the textural properties of the
biochar. The isotherms and the BJH pore size distribution of
biochar samples pyrolyzed at 450, 550, and 650 °C are shown
in Figure 2.
All the biochar samples reveal a type IV isotherm with a

H3 hysteresis loop (P/P0 = 0.4–0.9), which is an indication
of mesoporous character of the materials.33 The BET specific
surface areas of PB450, PB550, and PB650 were measured to
be 6.07, 8.75, and 1.18 m2/g, respectively. As noticed, by
increasing the pyrolysis temperature from 450 to 550 °C, an
increase in the surface area could be noticed, which might be
due to the degradation of organic matter. Further increasing
the temperature to 650 °C, the surface area decreased to
1.18 m2/g. The BJH pore size distribution results are presented
in the insets of Figure 2a–c. The total pore volumes were calcu-
lated to be 0.025, 0.047, and 0.004 cm3/g. The pore size distri-
butions illustrate a narrow distribution, where most of the pores
range from 1.8 to 5 nm, further confirming the mesoporous
character of the material and the presence of both micro- and
mesopores. Generally, the surface area, porosity, and pore
volume increase with increasing pyrolysis temperature.
However, higher temperatures cause pores and defects to col-
lapse, resulting in a decrease in the surface area and pore vol-
ume of biochar.24 This was also consistent with the SEM
https://doi.org/10.1021/acssusresmgt.5c00556
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Figure 2. Nitrogen adsorption–desorption isotherms and corresponding BJH pore size distributions (inset) of (a) PB450, (b) PB550, and
(c) PB650; (d) TGA curves of Phaeodactylum residual biomass and biochar samples at different temperatures.
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images of PB650 (Figure 1e,f), where the morphology was
quite regular, and few pores were observed. In the current inves-
tigation, PB550 shows the highest specific surface area and pore
volume compared to PB450 and PB650. Therefore, PB550 bio-
char may exhibit a greater adsorption capability for Pb than
PB450 and PB650.

3.1.2. Thermal Stability. Figure 2d displays the thermo-
gravimetric (TGA) curves of Phaeodactylum residual biomass
and biochar samples. As shown in Figure 2d, the thermal degra-
dation of biomass can be categorized into three main stages. In
the first stage (room temperature to approximately 170 °C), a
∼12% weight loss was observed, which is attributed to the
removal of moisture content and highly volatile compounds
from the biomass.34 A major weight loss of 48% was found in
the second stage (170–550 °C). The decomposition of organic
compounds occurred within this temperature range, and for this
reason, this stage is called the active pyrolytic zone or devolati-
lization stage.35 In the third stage (550–700 °C), degradation of
biomass proceeds slowly and the thermally stable compounds
are decomposed, resulting in the formation of biochar.36 The
TGA curves of biochar samples differ from the TGA curve of
residual biomass, where weight loss occurs in two steps: a mod-
erate weight loss of up to 600 °C for biochar samples was due to
the removal of adsorbed water from the biochars and the sec-
ond weight loss from 600 to 700 °C represents the decomposi-
tion of thermally stable compounds.37 The TGA curves of the
biochar samples show that the total weight loss of PB550
(6.50%) is less than those of PB450 (11.30%) and PB650
D

(10.42%), indicating that PB550 is more thermally stable than
PB450 and PB650.
3.1.3. Elemental Analysis. The physicochemical proper-

ties of biochar produced at different temperatures are shown
in Table 1. All biochar samples show higher yields, ranging from
67.46 to 72.88%, and high ash content, ranging from 64.21 to
68.66%. The C and N contents of Phaeodactylum biomass are
20.33 and 3.55%, respectively.
The C and N contents in PB450, PB550, and PB650 biochar

samples are very low, which is due to the extraction of lipids
from P. tricornutum before the use of residual biomass. The
overall quality of biochar in terms of morphology, yield, inor-
ganic minerals, and ash content differs with pyrolysis tempera-
ture.38 The C/N ratio is one of the main parameters for metal
adsorption. The higher C/N ratio specifies the biochar, which
will be rich in carbohydrates with carboxyl-dominant functional
groups.39 As shown in Table 1, the amount of inorganic min-
erals (Ca, Na, K, Mg, P, and Fe) is higher in PB550 compared
to PB450 and PB650, demonstrating that PB550 could have
increased adsorption capacity through cation exchange.24

3.1.4. X-ray Diffraction. XRD analysis was conducted to
examine the crystallinity and phase purity of Phaeodactylum
residue-derived biochars prepared at temperatures of 450, 550,
and 650 °C. As shown in Figure 3a, a plenty of narrow and
sharp diffraction peaks of several mineral phases (K, Na, Mg,
P, and Ca) were observed in all biochar samples. Among other
peaks, the diffraction peaks appeared at 25.7°, 28.50°, 30.5°,
32.7°, 36.68°, and 40.6° in biochars are attributed to the
https://doi.org/10.1021/acssusresmgt.5c00556
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Table 1. Physicochemical Properties of Biochars Obtained
from Phaeodactylum Residue

parameters units PB450 PB550 PB650

yield % 72.88 71.34 67.46
ash % 64.208 68.66 66.89
carbon (C) % 3.36 4.04 1.72
nitrogen (N) % 0.54 0.55 0.59
C/N ratio 6.22 7.34 2.91
oxygen (O) % 26.61 19.34 24.55
Ca g/kg 0.075 0.084 0.080
Na g/kg 4.30 4.85 4.61
K g/kg 23.80 27.30 26.23
Mg g/kg 5.52 6.23 5.84
P g/kg 0.97 1.11 1.03
Fe g/kg 0.38 0.43 0.42

Figure 3. (a) XRD spectra for PB450, PB550, and PB650. ^ represents
MgSO4, K2MgSi5O12, and Ca3(PO4)2; * represents CaCO3; • repre-
sents KCl and K2SO4; ◊ represents NaCl; Δ represents
Ca3Mg2(PO4)4; • indicates K2SiO3. (b) FTIR spectra of
Phaeodactylum residual biomass and biochars.

ACS Sustainable Resource Management pubs.acs.org/acssrm Article
presence of different mineral components in the form of
MgSO4, K2MgSi5O12, Ca3(PO4)2, CaCO3, KCl, NaCl,
Ca3Mg2(PO4)4, and K2SiO3.

24,40 The peaks within the range
of 50–75° are assigned to the silicates and quartz of Ca and
Mg.41 The sharpness and intensity of the diffraction peaks in
PB550 were greater than those of the peaks in PB450 and
PB650, indicating that more mineralization occurred at a
temperature of 550 °C.42 The elemental analysis and EDS spec-
tra (Table 1 and Figure S1) also confirmed the presence of
E

inorganic minerals in biochar samples. The degree of degrada-
tion of organic matter and the progression of mineral compo-
nents depend on pyrolysis temperature.
3.1.5. Surface Functional Groups. The surface func-

tional groups of Phaeodactylum residual biomass and biochars
at different temperatures were analyzed using FTIR, and
the relevant spectra are presented in Figure 3b. For
Phaeodactylum residue, a broad band at 3204 cm−1 was ascribed
to the hydroxyl (–OH) group and the band at 2923 cm−1 was
related to the –CH stretching of the aliphatic component.43

After pyrolysis at different temperatures, these two bands
almost disappeared and aromatization increased, which is attrib-
uted to the decomposition of phenolic and alcoholic functional-
ities and the elimination of methyl groups from the aromatic
rings in biochars.44 A number of bands at 1554, 1410, 1135,
and 1045 cm−1 are observed in all biochar samples, which are
assigned to the presence of carboxyl functional groups (C=O)
on the surface of biochars.45 The band located at 882 cm−1 rep-
resents the deformation of aromatic C–H bending. The pres-
ence of a C=O group increases the adsorption capacity of
metal ions through a complexation mechanism.46 A higher
C/N ratio indicates the presence of a higher quantity of C=O
groups in biochar. In this study, the C/N ratio of PB550 is
higher (7.34) than those of PB450 (6.22) and PB650 (2.91),
which demonstrates the presence of more C=O groups in
PB550 (Table 1). Thus, PB550 may have a higher Pb adsorp-
tion capacity than PB450 and PB650.

3.2. Adsorption of Pb(II)

3.2.1. Effect of Pyrolysis Temperature. The effect of
pyrolysis temperature on the adsorption of Pb was initially
investigated using 50 and 500 mg/L Pb(II) solutions. As shown
in Figure 4a, at a concentration of 50 mg/L, PB450, PB550, and
PB650 demonstrated exceptional removal efficiencies of 99.26,
99.97, and 99.47%, respectively. The exceptional removal effi-
ciency at low concentrations can be attributed to the available
active sites and the disordered and porous surface structure of
biochar samples. When the Pb(II) concentration was increased
to 500 mg/L, biochar samples at three different temperatures
still showed high removal efficiencies of 97.92, 99.36, and
97.36%, respectively. However, the removal efficiencies at a
concentration of 500 mg/L were less compared to the concen-
tration of 50 mg/L, which is ascribed to the unavailability of
more active sites to adsorb Pb ions from the solution. The
results also indicate that the removal efficiency of PB550 was
higher than those of PB450 and PB650, which is attributed to
the more porous and available active sites present in PB550,
allowing it to adsorb more Pb ions.47

3.2.2. Effect of Initial Pb(II) Concentration and pH. To
investigate the effect of the initial concentration of Pb(II), the
experiment was conducted using low concentrations ranging
from 0.2 to 2 mg/L and high concentrations from 0.05 to
5 g/L of Pb(II) at ambient temperature. The pH of the metal
solution influences the adsorption process. At low pH (2–4),
the surface of biochar is positively charged because of the pro-
tonation of surface functional groups, suggesting the electro-
static repulsion between biochar and metal ions. The strong
acidic condition of the metal solution also triggers competition
between hydrogen ions and metal ions, resulting in low adsorp-
tion capacity and removal efficiency.48 The biochar converts to
a negatively charged form when the pH increases and the com-
petition between hydrogen ions and metal ions decreases. As a
https://doi.org/10.1021/acssusresmgt.5c00556
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Figure 4. (a) Effect of pyrolysis temperature on removal of Pb from the Pb(II) solution using biochar produced at different temperatures; Pb(II)
concentration at 50 and 500 mg/L, biochar dose = 500 mg and initial pH = 6. (b) Effect of primary concentrations of Pb(II); initial pH = 6 and
biochar dose = 500 mg. (c) Effect of biochar dose prepared at different temperatures; initial pH = 6, biochar dose: 50–500 mg. (d) Effect of contact
time using PB550 biochar; pH = 6, contact time: 30–1440 min, biochar dose: 500 mg.
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result, biochar shows increased adsorption capacity and removal
efficiency.31 When the pH increases above 6, H+ decreases,
leading to the formation of hydroxide complexes, followed by
surface precipitation, which affects the biochar’s adsorption
performance.45 The adsorption efficiency was first evaluated at
low concentrations, as contaminants are typically present at
low levels in real-world environments. At a concentration of
0.2–2 mg/L (Figure S2), the biochar samples at three different
temperatures showed outstanding removal efficiencies ranging
from 98.51 to 99.99%. These indicate that biochars have numer-
ous active sites to adsorb Pb ions at low concentrations. The
Pb(II) removal efficiency decreased slowly for PB450 (from
99.26 to 97.02%) and PB650 (from 99.47 to 97.02%) with an
increase in Pb(II) concentration (from 0.05 to 5 g/L).
However, PB550 still shows higher removal efficiencies of
99.97, 99.96, 99.86, 99.36, and 98.98% at concentrations of
0.05, 0.5, 2.0, 3.0, and 5.0 g/L, respectively (Figure 4b).
These results indicate that PB550 has abundantly active places
for adsorption than PB450 and PB650. The final pH of the
solution at different concentrations slightly increased to ∼8.2
after adsorption, which is due to the alkaline nature of biochar.

3.2.3. Effect of Biochar Dose on Pb
Removal. Figure 4c presents the effect of biochar dose on
the removal of Pb. The removal efficiency increased upon
increasing biochar doses from 50 to 500 mg/L for all biochar
samples. The experimental results also indicate that a dosage
F

of 500 mg/L of each biochar yields a maximum removal effi-
ciency of Pb(II), which is attributed to the availability of more
active sites in the biochar samples for removing Pb(II). The
available surface area and active sites increase by increasing
the biochar dosage, allowing for larger interaction between bio-
char and Pb(II), thereby increasing the removal efficiency.49

Due to its distinguished surface properties, PB550 exhibited a
higher adsorption efficiency (99.98%) than PB450 (99.68%)
and PB650 (98.97%).
According to the above experimental findings and the

adsorption study of Pb ions using biochars obtained from differ-
ent temperatures, it is apparent that PB550 displayed distinct
surface properties and the highest removal efficiency compared
to PB450 and PB650. Therefore, only PB550 will be used to
study other experiments, including adsorption kinetics and
adsorption isotherms, and the results are discussed in the next
sections.
3.2.4. Effect of Contact Time and Adsorption

Kinetics. PB550 was used to evaluate the variations in Pb(II)
removal efficiency as a function of contact time, as shown in
Figure 4d. The Pb(II) ion concentration was 2 g/L (pH = 6.0),
the biochar dose was 500 mg, and the contact time was
30–1440 min. As shown in Figure 4d, Pb(II) ions are quickly
removed during the early stages at different contact times.
This is because a large number of empty active sites are pres-
ent on the surface of PB550, allowing for the effective
https://doi.org/10.1021/acssusresmgt.5c00556
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Figure 5. (a) Pseudo-first-order kinetic model, (b) pseudo-second-order kinetic model, (c) Langmuir isotherm, and (d) Freundlich isotherm for
PB550 biochar.
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adsorption of Pb(II) ions. Indeed, the presence of unoccupied
active sites on biochar facilitates the interaction between
Pb(II) ions and the active sites of biochar, which leads to
the rapid removal of Pb(II) ions and then reaches a saturated
condition.50 After 120 min of contact time, the Pb(II) ion
removal reached almost 100% and there were no further
changes in removal efficiency at contact times of 240, 480,
720, and 1440 min.49 To elucidate the order of reaction and
rate-controlling mechanism, the kinetic analysis of Pb(II)
adsorption was conducted using two popular kinetic models:
pseudo-first-order (PFO) and pseudo-second-order (PSO).
The kinetic adsorption of Pb(II) involves two stages, including
fast adsorption and slow adsorption.

The fast adsorption occurred on the outer surface, while the
slow adsorption occurred in the inner surfaces (micro and
mesopores) of the adsorbent.51 The PFO model is linked to
physisorption, where the dominant forces are van der Waals
interactions. On the other hand, the PSO model is associated
with chemisorption, where the adsorption involves strong phys-
icochemical interaction and electron sharing between the adsor-
bent and the metal ion.52 The kinetic plots are shown in
Figure 5a,b, and the kinetic parameters are presented in
Table 2. Results indicated that the adsorption capacity
(370.37 mg/g) and the correlation coefficient (R2 = 1) of
PSO are higher compared to the adsorption capacity
(17.21 mg/g) and the correlation coefficient (R2 = 0.852) of
PFO, which implies that PSO was the most appropriate model
for Pb(II) adsorption.
G

3.2.5. Adsorption Isotherm. The adsorption isotherms
are used to illustrate the relationship between the concentration
of ions and the amount of ions adsorbed per unit mass of the
adsorbent at equilibrium and constant temperature.53 The most
commonly used Langmuir and Freundlich isotherm models
were employed to evaluate the experimental data. The linear
plots of the Langmuir and Freundlich isotherms of Pb are
depicted in Figure 5c,d, and the fitting parameters are shown
in Table 2. The results demonstrated that the correlation coef-
ficient of the Langmuir isotherm model (R2 = 0.991) is a better
fit than the Freundlich isotherm model (R2 = 0.943), indicating
the homogeneous monolayer adsorption of Pb on the outer sur-
face of PB550.43 The calculated maximum Pb adsorption capac-
ity (qmax) of 476.19 mg/g was achieved using the Langmuir
isotherm model, while the Freundlich constant (KF)/adsorp-
tion capacity was calculated by using the Freundlich model,
and the calculated value was 179.47 mg/g. Evidently, the
Langmuir isotherm model is more appropriate than the
Freundlich model to elucidate the adsorption process of Pb.
3.2.6. Adsorption Mechanism. Adsorption is the process

of mass transfer, where the metal ions are transferred from the
solution to the biochar through physical and chemical interac-
tions. Based on the properties of Phaeodactylum residue-
derived biochar, the Pb adsorption mainly occurred through
precipitation, physical adsorption, surface complexation, elec-
trostatic interaction, hydrogen bonding, and cation exchange.54

Figure 6 shows the possible mechanisms of Pb(II) adsorption
on biochar.
https://doi.org/10.1021/acssusresmgt.5c00556
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Table 2. Pseudo-First-Order and Pseudo-Second-Order Kinetic Parameters and Fitting Parameters of Langmuir and Freundlich
Isotherm Models for Adsorption of Pb(II) Ions onto Phaeodactylum Residue-Derived Biochar

pseudo-first-order pseudo-second-order

biochar heavy metal qe (mg/g) K1 (min−1) R2 qe (mg/g) K2 (g/mg min) R2

PB550 Pb 17.21 0.0001 0.852 370.37 0.036 1

Langmuir model Freundlich model

biochar heavy metal qm (mg/g) KL (L/mg) R2 KF (mg/g) n R2

PB550 Pb 476.19 1.31 0.991 179.47 1.77 0.943

Figure 6. Adsorption mechanism of Pb by Phaeodactylum residue-
derived biochar.
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Surface precipitation is one of the important mechanisms for
removing Pb from the solution. According to the XRD results,
several inorganic minerals are present in the form of their salts.
These are ionized in the solution as CO3

2−, PO4
3−, SiO3

2−, and
SO4

2− and combined with Pb(II) ions and precipitated as
PbCO3, Pb3(PO4)2, PbSiO3, and PbSO4.

55 The porous and dis-
ordered structure (Figure 1; SEM images) and the presence of
micro- and mesopores in PB550 biochar (Figure 2; BET analy-
sis) facilitate the penetration of Pb(II) ions into the channels
and pores through physical adsorption. The adsorption of
Pb(II) ions on PB550 biochar was confirmed by SEM after
adsorption. Figure S3 shows the high- and low-magnification
SEM images, where the structures are completely different from
the SEM images before adsorption (Figure 1c,d). After adsorp-
tion, the channels and pores disappeared, demonstrating the
successful adsorption of Pb(II) ions on biochar. The appear-
ance of an obvious Pb peak in SEM-EDS analysis (Figure S5)
also confirmed the adsorption and/or surface precipitation of
Pb(II) ions on the biochar surface.

In order to clarify the surface complexation mechanism of the
Pb(II) ion, we performed the FTIR spectra of PB550 biochar
before and after adsorption, as shown in Figure S4. After
adsorption, some of the peaks were missing, the peak positions
at 1410 and 1045 cm−1 shifted to 1397 and 1033 cm−1, and the
sharpness of the peaks decreased. This phenomenon indicated
that Pb(II) ions formed complexes with the functional groups
present in PB550 biochar (Figure 3b) through coordination
bonds, further confirming the effective adsorption of Pb(II)
ions.24 The hydrogen bonding occurred between Pb(II) and
the hydrophilic functional groups (−OH and −COOH) on
the surface of the biochar and improved the adsorption capac-
ity.56 Cation exchange between inorganic minerals, such as
H

Na+, Ca2+, Mg2+, K+, and Pb(II) ions, is an important mecha-
nism for Pb(II) adsorption. The Pb(II) ions might be
exchanged with Na+, Ca2+, Mg2+, and K+, available in PB550
biochar, thereby enhancing the adsorption process.57

The biochar releases Na+, K+, Ca2+, and Mg2+ into solution
through ion exchange and dissolution. During this process,
these cations are released from the biochar surface and replaced
by other ions present in the surrounding water. The release of
these ions increases the electrical conductivity/ionic strength
of the solution, which results in the reduction of adsorption effi-
ciency. The pH of the solution also increases due to the disso-
lution of alkaline ash, which significantly increases the
precipitation of lead salts on the biochar surface. Secondary
contamination may happen due to mineral and nutrient leach-
ing. Large-scale use of residual algal biochar also presents poten-
tial environmental implications related to secondary
contamination through mineral and nutrient leaching and the
presence of intrinsic pollutants such as heavy metals and
organic compounds. Reducing specific environmental risks
requires careful selection of the original algal feedstock and pro-
duction process, along with thorough environmental risk assess-
ments.58 Adsorption has emerged as a sustainable and highly
efficient method for treating real industrial effluents, particularly
for removing heavy metals. While laboratory studies focus on
ideal conditions, validating adsorption with real wastewater
requires addressing challenges like complex, multi-component
mixtures, varying pH levels, and competitive adsorption.
3.2.7. Regeneration and Reuse. The recovery properties

of biochar for reuse are an important factor to determine the
economic feasibility of biochar. Several regeneration agents,
such as HNO3, HCl, and NaOH, were used to remove Pb(II)
from biochar. In this investigation, we used HCl solution for
the regeneration experiment because of its ion exchange, elec-
trostatic repulsion, and complexation capability. The desorption
efficiency of adsorbed Pb(II) typically increases with an increase
in the concentration of HCl up to a certain point. An excessive
amount of H+ is produced by regeneration at a higher concen-
tration, and this may still remain on the biochar after the
desorption process. Excess H+ ions can compete with Pb(II)
ions for the available active sites on the biochar, which may
reduce the adsorption efficiency of Pb(II).59 Therefore, we
selected a 0.2 M HCl solution for the regeneration of biochar.
Figure S6 presents the removal efficiency of Pb(II) for 5 con-

secutive adsorption–desorption cycles. The removal efficiency
was 91.40% after the first biochar regeneration cycle, which is
8.7% lower than the efficiency of the initial adsorption of
Pb(II). It remained stable throughout the 2nd and 3rd cycles
(89.65 and 89.56%). The Pb(II) removal efficiency decreased
gradually after the third cycle but remained at 82.84% by the
fifth cycle, demonstrating that the PB550 biochar possesses high
stability and reusability. TGA was carried out to check the
https://doi.org/10.1021/acssusresmgt.5c00556
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Table 3. Comparison of Pb Adsorption Capacities of Algae-Based Biochars

biochar type heavy metal adsorption capacity (mg/g) references

Chlorella sp. Pb 131.41 24
Gracilaria changii Pb 36.21 53
Ulva fasciata sp. Pb 24.15 60
Cyanidium caldarium Pb 298.0 61
Spirulina sp. Pb 154.56 24
Capsicum annuum L. Pb 36.43 6
Chlorella pyrenoidosa Pb 159.07 62
Spirulina platensis Pb 26.9 45
Alternanthera philoxeroides Pb 257.12 63
sugar cane bagasse Pb 86.96 64
rice straw Pb 253.6 65
P. tricornutum Pb 476.19 this work
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stability of PB550 after 5 consecutive adsorption–desorption
cycles. As shown in Figure S7, the total weight loss of
36.7% was observed, indicating that PB550 still shows moderate
stability.

The exceptional Pb(II) adsorption capacity of PB550 biochar
is attributed to its notable structural properties, including the
presence of micro- and mesopores, inorganic minerals, a disor-
dered structure, active functional groups, and a moderately
higher specific surface area, as confirmed by various characteri-
zation techniques. As presented in Table 3, a comparative study
was made on the adsorption of Pb(II) using algal and non-algal
biochars. Compared to most of the published reports on Pb(II)
adsorption, Phaeodactylum residue-derived biochar showed a
higher adsorption capacity of Pb(II).

Recently, the residual microalgae-based biochar has gained
significant research interest as a sustainable alternative for differ-
ent applications. However, several challenges, including consis-
tency of quality and economic feasibility of biochar, remain
significant concerns for the transition from the laboratory to
industry scale. The properties of biochar, such as functional
groups, surface area, stability, mineral contents, and adsorption
capacity, are strongly influenced by the type of algal biomass,
pyrolysis temperature, and residence time. In the laboratory
scale, it is easier to control these parameters; however, slight
changes in operational parameters may lead to substantial
changes in biochar quality in large-scale production.66 These
critical parameters must be controlled to ensure the quality
and consistency of biochar for industrial applications.

The environmental and long-term agronomic benefits of bio-
char are significant and diverse, resulting in increased interest in
its large-scale use. Production costs, which encompass algal
feedstock, pyrolysis technology, labor, transportation, and appli-
cation costs, need to be optimized for large-scale implementa-
tion.67 Lab studies play a crucial role in understanding the
basic mechanisms of removal; however, applying these findings
in real-world scenarios containing mixed contaminants involves
complexities such as competitive adsorption, changing water
chemistry, and physical aging. This tends to decrease the overall
performance and predictability in comparison to results
obtained in isolated laboratory settings. Additional research is
needed to fill this knowledge gap and improve biochar for effec-
tive, long-term use in sustainable wastewater treatment systems.

The results of this study will inspire the utilization of residual
algae biomasses in preparing biochar. In particular, the produc-
tion, characterization, and application of residual algae-based
I

biochar for wastewater treatment could be a sustainable
approach in the context of the circular bioeconomy.

4. CONCLUSIONS

This work mainly focused on the utilization of residual
Phaeodactylum residue-derived biochar as an adsorbent for
Pb(II) adsorption within a circular economy context. The
Pb(II) removal efficiency is significantly influenced by pyrolysis
temperature, initial Pb(II) concentration, biochar dose, and
contact time. The Pb(II) adsorption on PB550 biochar involved
fast and slow adsorption processes. The uneven and porous
nature, active functional groups, and minerals present in
PB550 biochar contributed to achieving an excellent Pb(II)
adsorption capacity. The Langmuir isotherm and PSO model
were more suitable to describe the adsorption behavior. In con-
clusion, the outcomes of this investigation indicate that
Phaeodactylum residue-derived biochar could be a promising
alternative for wastewater treatment. This study also provides
insight for further research on residual algae-based biochar for
diverse applications.
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