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ABSTRACT

In this study, a novel absorpent (MSAR600°C) with a hydrophobic surface and hierarchical porous structure for
the removal of kitchen oil was facilely fabricated from the macroalgae, laver (Porphyra haitanensis) by incorpor-
ating high-temperature carbonization and alkyl polyglucosides (APG) and rhamnolipid (RL) surfactants modifi-
cation. The characterization results showed MSAR600°C possessed a louts-leaf-like papillae microstructure with
high contact angle (137.5°), abundant porous structure with high specific surface area (23.4 m2/g), and various
oxygen-containing functional groups (-OH, C=O, C-O). Batch adsorption experiments were conducted to inves-
tigate the effect of adsorption time, temperature, pH, and absorbent dose on kitchen oil adsorption performance.
Then the practical application for the removal of kitchen oil using MSAR600°C was also performed. The results
showed that MSAR600°C had a higher removal efficiency for kitchen oil (75.98%), compared with the commercial
detergent (72.3%). This study demonstrates an example of fabricating a green tableware detergent for enhanced
removal performance of kitchen oil.
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1 Introduction

Tableware detergent, also known as dishwashing essence, mainly consists of solvent (generally
deionized water), surfactant, pH regulator, thickener, substance, preservative, pigment, etc. [1–3]. The
above components are chemical agents; after use, large quantities of ingredients are released into the
aquatic and terrestrial environments, which pose a threat to human health and the ecological environment.
Considering the disadvantages of traditional tableware detergents, natural, ecological, and sustainable
detergents are on their way coming into the market.

As is well known, kitchen oil is one oily wastewater. Various technologies have been developed for the
treatment of oily wastewater, including absorption, membrane separation, centrifugation separation,
biological therapy, air floatation, etc. [4], among which, adsorption is one of the most widely applied
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technologies due to its high efficiency, easy to operate and cost-effective [5]. It has been found that natural
biomass sorbents are the most readily biodegradable, low-cost, and easily available sorbents, whose
adsorption efficiency can be enhanced significantly by activation and or carbonization [6,7]. Biochar is a
material produced from natural biomass by activation or/and carbonization in the absence of limited
oxygen conditions [8]. Recently, biochar has been studied widely in heavy metals and organic
contaminants removal, soil remediation, as well as supercapacitor [9–11]. At the same time, in oily
wastewater treatment, there is a relatively small percentage, mainly focusing on the removal of diesel [12]
and crude oil [13]. The main reason is that the surface of biochar is hydrophilic due to its abundant
hydroxyl groups. According to the principle of similarity and intermiscibility, the oil removal efficiency
of biochar is not good.

According to the Young equation, Cassie wettability model, and Wenzel wettability model, the main
factors affecting the wettability of a solid surface are its surface free energy and microstructure [14]. To
obtain specific wettability, it has been developed and designed a variety of methods to improve the
surface wettability of solid materials, such as introducing hydrophilic or hydrophobic groups [15], surface
treatment [16], coating [17], formation of porous structures or surface defects [18,19]. Adding hydrophilic
or hydrophobic groups or surface coating can change the surface energy to obtain controllable wettability.
Modifying surface structure by properly designing a porous structure or creating defects is another
effective method to regulate wettability. The oil removal efficiencies of biochar mainly depend on its
surface hydrophobicity; thus we could modify the surface of biochar to enhance the adsorption
performance of oil [20]. Lauric Acid (LA), a surfactant, can increase biochar hydrophobicity and water
contact angle by decorating biochar surface, which gives higher oil adsorption capacities [21–23]. In our
previous studies, we applied surfactants to modify calcined mussel shell powder (CMSP) to remove oil.
First, alkyl polyglucosides (APG) and dimethyl octadecyl hydroxy ethyl ammonium nitrate (SN) were
applied to modify the surface of CMSP, endowing the functions of emulsifying oil and diverting net
charge. The detergency rate of oil increased to 17.35% [24]. Moreover, we also used alkyl polyglucosides
(APG) and rhamnolipid (RL) to modify CMSP, rendering CMSP a lipophilic surface, and its removal rate
from kitchen oil reached 87.05% [25]. Therefore, the surface hydrophobicity of biochar can be regulated
by a surfactant to improve the adsorption capacity of oily wastewater.

Recently, algae, with high biomass and short growth cycle compared to terrestrial plants has been
considered a new raw material for the preparation of biochar [26]. Laver, a red alga, has a wide breeding
area in China. However, the high-value utilization of laver is still low, restricting the development of the
laver industry. Recently, laver biochar has attracted considerable attention due to its excellent adsorption
performance, more accessible, and low price [27–29]. However, the potential for kitchen oil removal of
algae biochar has not yet been studied. Thus, in this work, a novel tableware detergent for the removal of
kitchen oil was designed and prepared by using alkyl polyglucosides (APG) and rhamnolipid (RL) to
modify biochar derived from laver through a two-step hydrothermal synthesis method, endowing it
hydrophobic surface properties. The hydrophobic properties, pore morphology, crystal phase composition,
functional groups, and chemical valence state of the as-prepared composite materials were characterized.
And then, the removal performance of kitchen oil using the as-prepared samples was analyzed.

2 Materials and Methods

2.1 Materials and Chemicals
Dry laver (Porphyra haitanensis) was purchased from Rudong Shunfa Laver Products Co., Ltd. in

Jiangsu Province, China. Alkyl glycosides (APG, APG2000, 8~10 carbon alkyl chain) and rhamnolipid
(RL, 98%) were purchased from Shanghai Fine Chemicals Co., Ltd., China). Commercial tableware
detergent (CAD Guangzhou Libai Group Co., Ltd., China). and kitchen oil (Golden Arowana Grain, Oil
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and Food Co., Ltd., Zhoushan, China) were purchased from the supermarket in Zhoushan, Zhejiang
Province, China. All the chemical reagents used in this experiment were analytical grade.

2.2 Preparation of Laver Biochar
Dry laver was soaked in distilled water for 24 h, rinsed repeatedly with distilled water, dried in an oven at

80°C for 24 h, and crushed for the pyrolysis experiment. Laver powder was placed in a tube furnace, heated
to the pyrolysis temperature at a rate of 10 °C/min under an N2 atmosphere with a flow rate of 100 mL/min,
and kept at the pyrolysis temperature for 2 h. The pyrolysis temperatures of laver were set to 500°C, 600°C,
700°C and 800°C, respectively. After pyrolysis, the cooling rate was set to 10 °C/min. When the temperature
dropped to 500°C, the furnace was cooled naturally. The obtained laver biochar was ground to pass through a
100-mesh sieve. The as-prepared laver biochar calcined at 500°C, 600°C, 700°C and 800°C were denoted as
CSB500°C, CSB600°C, CSB700°C and CSB800°C, respectively.

2.3 Modification of Laver Biochar by Surfactant
2 g laver biochar and 1 g APG were mixed in 30 mL distilled water, transferred into a 50 mL Teflon

reactor, and heated at 120°C for 24 h. After the reaction, the sample was filtered and dried to obtain
sample A. 2 g sample A and 1 g RL were mixed in 30 mL distilled water and placed in a 50 mL Teflon
reactor, heated at 120°C for 12 h. After that, the sample was filtered and dried to prepare surfactant-
modified laver biochar. Surfactant modified CSB500°C, CSB600°C, CSB700°C and CSB800°C were
denoted as MSAR500°C, MSAR600°C, MSAR700°C and MSAR800°C, respectively.

2.4 Characterization of As-Prepared Samples
The contact angle of the prepared samples was measured at 25°C using the sessile drop method (CA,

XG-CAMB, Xuanyichuangxi Industrial Equipment, Shanghai, China). The crystal phase compositions of
the samples were determined using an X-ray diffractometer (XRD, D/Max 2500, Agilent, USA). The
diffraction peak intensity of the pieces at 2θ = 20–50° was recorded at 40 kV and 30 mA. The functional
groups of the samples were measured by Fourier transform infrared spectrometer (FTIR, Thermo Fisher
Scientific, USA), and the chemical valence states of the samples were characterized by X-ray
photoelectron spectroscopy (XPS, 5000C ESCA System, PHI, USA). The N2 adsorption-desorption
isotherm was performed on a specific surface area analyzer (Quadrasorb SI, Quantachrome, USA) and
estimated with the method of Brunauer-Emmett-Teller (BET). The microstructure and morphology of the
prepared biochars were analyzed by scanning electron microscopy (SEM, Hitachi S-4800, Tokyo, Japan).
Elemental composition and distribution information were determined by energy-dispersive X-ray
spectroscopy (EDS, Apollo XT, EDAX Company, USA). Transmission electron microscope (TEM;
Tecnai G2 F20 S-TWIN (200KV), USA) was employed to analyze the morphology of the as-prepared
sample. A Elementar Vario EL III was used to determine the elemental composition of carbon, hydrogen,
nitrogen, oxygen, and sulfur. Raman Spectroscopy was performed in a Renishaw InVia Spectrometer
(Renishaw, UK) with a 50x objective and equipped with a green laser line (532 nm).

2.5 Batch Adsorption Experiments
MSAR600°C was added into 50 mL of 1 g/L edible oil solution for adsorption experiments. The effects

of initial pH, adsorption temperature, and adsorbent dose on the adsorption performances of edible oil were
analyzed, respectively. Adjust the pH of the solution between 3.0 to 11.0 using 0.1 mol/L hydrochloric acid
and 0.1 mol/L sodium hydroxide.

The adsorption temperature was controlled between 30°C to 70°C, and the dosage of the samples was
from 0.005 to 0.025 g. After adsorption, the supernatant was taken at adsorption times of 10, 20, 30, 40, 50,
60, 90, and 120 min, centrifugated at 4000 r/min for 2 min, and extracted by n-hexane. The OD value of the
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extracted solution was measured by UV-vis spectrophotometer (UV 2600, Shimadzu, Japan) at the maximum
adsorption wavelength of 283 nm. Then OD value was used to calculate the concentration of edible oil (C0

and Ce) in the adsorption system at different times.

The adsorption rate (R) and equilibrium adsorption capacity (qe) of edible oil could be calculated
according to the formula Eqs. (1) and (2), respectively.

R ¼ C0 � Ce

C0
� 100% (1)

qe ¼ C0 � Ceð ÞV
m

(2)

where R (%) is the adsorption rate of edible oil, qe is the adsorption amount of edible oil at equilibrium, C0

(mg/L) and Ce (mg/L) are edible oil concentration at the beginning and different time, respectively; and m (g)
and V (L) are the mass of samples to added and the volume of edible oil solution, respectively.

2.6 Practical Application Experiments
0.5 g modified laver biochar mixed with 20 mL deionized water was used to prepare tableware detergent.

Rapeseed oil and peanut oil were mixed well (v:v = 1:1), coated on a ceramic plate. Then dried the ceramic
plate in an oven at 40°C for 20 min to cure the mixed oil. And the oil-coated ceramic plate was soaked in the
as-prepared tableware detergent for 1 min, vibrated at a constant speed for 7 min with an oscillator, taken out,
and dried. And the kitchen oil removal rate of modified laver biochar was determined by the gravimetric
method and calculated according to Eq. (3). Moreover, the kitchen oil removal rate of the blank group
without adding modified laver biochar and the commercial tableware detergent were also analyzed as the
control.

Dr ¼ M1 �M2

M1 �M0
� 100% (3)

where M0 is the mass of the initial ceramic plate, M1 is the mass of the oil-coated ceramic plate, and M2 is the
mass of the washed and dried ceramic plate.

2.7 Adsorption Kinetics Studies
In the kinetic experiments, 0.012 g of MSAR600°C and CSB600°C were added to 50 mL kitchen oil

solutions, respectively. The edible oil concentration of the solution was measured at 30°C and at different
adsorption times of 0–120 min. The adsorption kinetics of laver biochar and surfactant-modified
hydrophobic biochar were analyzed by the pseudo-first-order (PFO) and pseudo-second-order kinetics
(PSO) models, as follows Eqs. (4) and (5).

ln qe � qtð Þ ¼ lnqe � k1t (4)

t

qt
¼ 1

k2q2e
þ t

qe
(5)

where qe (mg/g) is the amount of oil adsorption at the time (t), and k1 (min−1) and k2 (g/mg min) are the rate
parameters determined from the PFO and PSO models, respectively.

2.8 Standard Curve of Edible Oil
A small amount of n-hexane was used to dissolve 1 g of edible oil, which was mixed with 100 mL

deionized water to obtain a 10 g/L edible oil standard reserve solution. 0.5, 1.0, 1.25, 1.5, 2.0, and 2.5 g/L
edible oil solutions were prepared, respectively. The absorbance of edible oil solution in different
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concentrations was measured at the maximum absorption wavelength of 214 nm. As shown in Fig. 1, the
formula of the standard curve is y = 0.3074x – 0.0111, and the correlation coefficient R2 = 0.9982.

3 Results and Discussion

3.1 Contact Angle Analysis
The contact angles of as-prepared modified laver biochar are shown in Fig. 2, and the contact angles of

MSAR500°C, MSAR600°C, MSAR700°C and MSAR800°C are 135.1°, 137.5°, 135.6°, and 134.8°,
respectively, which are all more than 90°, demonstrating that the surface of surfactant-modified laver
biochar has excellent hydrophobicity. Among these, MSAR600°C has the utmost hydrophobic
performance, whose contact angle is up to 137.5°. Algae biochar has abundant functional groups,
especially polar hydroxy [26], with strong hydrophilicity. When its surface encounters a water droplet, it
is absorbed immediately, so it is impossible to measure the contact angle of laver biochar. APG, a
nonionic surfactant, modified the laver biochar, whose hydrophilic head attached to the hydroxyl groups
of laver biochar, exposing its hydrophobic tail. Then the laver biochar was further modified with anionic
surfactant RL to enhance its hydrophobicity and dispersion stability. Considering the hydrophobic
performance and energy consumption, MSAR600°C was selected as the best adsorbent for the subsequent
kitchen oil removal experiment.

Figure 1: Standard curve for edible oil

Figure 2: Water contact angle values of modified laver biochar
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3.2 Morphology Analysis
Table 1 shows the specific surface area and average pore size of laver biochar at different calcination

temperatures (CSB500°C, CSB600°C, CSB700°C, CSB800°C) and modified laver biochar
(MSAR600°C). It can be observed that CSB600°C has the largest specific surface area, up to 7.86 m2/g,
after surfactant modification, whose specific surface area increases by 3 times, up to 23.4 m2/g, while
whose average pore size has no significant change, indicating that surfactants increase its specific surface
area by improving its dispersibility. When the calcination temperature exceeds 600°C, the specific surface
area of laver biochar decreases gradually, and it is speculated that the pore size collapse of biochar leads
to the decrease of the surface area.

According to IUPAC classification [30], it has been found that the N2 adsorption isotherms of
CSB600°C and MSAR600°C are all type IV, as shown in Fig. 3. When the relative pressure (P/P0) is
between 0.1 and 1.0, type H3 hysteresis regression line appears, indicating the presence of mesopores.
And it can be demonstrated from the pore size distribution curve that the pore diameter of CSB600°C is
mostly between 0 and 10 nm; after modification, the pore diameter of MSAR600°C is in the range of
0–50 nm. Therefore, APG and RL modification could enlarge the aperture distribution range of laver
biochar, render MSAR600°C hierarchical porous structure, and it is beneficial to the adsorption of oil
molecules.

Table 1: Specific surface area and average pore size of laver biochar and modified laver biochar

Different materials Specific surface area (m2/g) Average pore size (nm)

CSB500°C 7.02 2.38

CSB600°C 7.86 1.67

CSB700°C 4.26 3.93

CSB800°C 3.32 3.93

MSAR600°C 23.4 1.74

Figure 3: N2 adsorption-desorption isotherm and pore size distribution of CSB600°C (a) andMSAR600°C (b)
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SEM images of CSB600°C and MSAR600°C at different magnifications are shown in Figs. 4a–4b.
CSB600°C exhibits a relatively smooth layered structure with cracks and debris, while MSAR600°C
exhibits a periodic concave-convex and wave-like structure. As is well known, the surface of lotus leaves
has droplet contact angles of over 150°, with super hydrophobicity, which is brought about by the micro/
nano-scale papillae structures on the leaf surface and the layer of wax crystals on these structures [31].
After surfactant modification, laver biochar possesses a louts-leaf-like papillae microstructure, endowing
its high specific surface area and hydrophobic performance, consistent with contact angle and BET
results. The microstructure, size, lattice streaks, and exposed crystal planes of the as-prepared samples
can be analyzed by TEM and HRTEM, as shown in Figs. 4e and 4f. It can be observed that CSB600°C
behaves as a typical amorphous material characteristic in Fig. 4e, having no apparent lattice structure.
After APG and RL modification, MSAR600°C exhibits the lattice structure, and two lattices spacing
0.349 and 0.284 nm are observed, corresponding to the (020) surface and (012) surface of CaSO4,
respectively.

3.3 Chemical Composition Analysis
To determine the crystal phase of laver biochar before and after modification, XRD characterization was

carried out, as shown in Fig. 5a. It can be observed that the diffraction peaks of 2θ = 25.4°, 31.4° and 38.6° in
the spectrum of CSB600°C correspond to the (020), (012) and (022) crystal planes of CaSO4 (JCPDS card
No. 80-0787), respectively. The diffraction peaks at MSAR600°C are 2θ = 31.4° and 44.9°, which
correspond to the (200) and (220) crystal planes of CaS (PDF card No. 77-2011), respectively. Laver is a
kind of red algae, rich in calcium alginate and various amino acids, especially sulfur amino acids [28],
which were decomposed and reacted to form CaSO4 at high-temperature carbonization. Then CaSO4 was
further degraded into CaS under the reducing reaction of RL. Fig. 5b shows the FTIR spectra of
CSB600°C and MSAR600°C. It can be seen that the infrared absorption peaks of laver biochar before
and after modification are basically the same. The relatively wide absorption peaks at 3428 and

Figure 4: SEM images of CSB600°C and MSAR600°C: (a, b) CSB600°C; (c, d) MSAR600°C; the TEM
images of CSB600°C and MSAR600°C, (e) the TEM of CSB600°C; (f) the TEM of MSAR600°C
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3431 cm−1 are the stretching vibration of the hydroxyl group (-OH) in alcohols, phenols, and carboxylic
acids. And the adsorption peak at 1583 and 1586 cm−1 are the stretching vibrations of C=O, and the
adsorption peaks at 1109 and 588 cm−1 of MSAR600°C and those at 1109 and 572 cm−1 of CSB600°C
are characteristic peaks of CaSO4, which is consistent with XRD results.

Elemental analysis was employed to clarify the element composition of the CSB600°C and
MSAR600°C, as shown in Table 2. It can be seen that the content of C, H, N, O, and S nonmetallic
elements does not change significantly in CSB600°C and MSAR600°C. This indicated that the surfactant
modification did not change the elemental composition of laver biochar. And C content of CSB600°C
and MSAR600°C are maximum, up to 66.687% and 67.693%, respectively, followed by O, N, S, and H.
Typically, the O/C atomic ratio manifests the hydrophobicity of biochar, and estimated the aromaticity of
biochar by H/C atomic ratio [32]. And the lower the polarity, the higher the aromaticity, and the greater
the hydrophobicity [33].

After surfactant modification, the O/C and H/C ratios of MSAR600°C are lower (0.198, 0.033) than
those of CSB600°C (0.218, 0.035), manifesting that MSAR600°C has higher hydrophobicity, being
consistent with the results of contact angle.

EDS-mapping was used to further explore the surface elemental composition of as-prepared samples
before and after modification, as exhibited in Figs. 6a–6l. It can be indicated that the contents of C, N, and
O have no significant change in CSB600°C and MSAR600°C (Table 3), while Ca and S are concentrated
in the region covered by the surfactant in MSAR600°C, whose content significantly improve compared
with those in CSB600°C, indicating that APG and RL react with CSB 600°C to form a new substance
containing calcium and sulfur, i.e., CaS, consisting with the results of XRD. The distribution of C and O
are relatively homogeneous in CSB600°C, while C and O are concentrated in the region without surfactant
in MSAR600°C, indicating that APG and RL were successfully loaded on the surface of CSB600°C.

Table 2: Element analysis of CSB600°C and MSAR600°C (%)

C H O N S O/C H/C

CSB600°C 66.687 2.325 14.509 6.117 2.423 0.218 0.035

MSAR600°C 67.693 2.266 13.425 6.217 2.355 0.198 0.033

Figure 5: XRD patterns (a) and FTIR spectra (b) of CSB600°C and MSAR600°C
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XPS was performed to determine the elemental composition and chemical states of as-prepared samples,
as shown in Fig. 7. It can be observed from Fig. 7a that CSB600°C and MSAR600°C contain C, N, and O
elements, and the binding energies of C1s, N1s and O1s are 284.7, 400.2 and 532.2 eV, respectively. And the
peaks in the C1s spectrum of CSB600°C with the relevant binding energies of 287.68, 286.18, and
284.78 eV, correspond to C=O, C-O, and C-C, respectively. And the peaks in the C 1s spectrum of

Figure 6: The EDS mapping images of CSB600°C (a–f) and MSAR600°C (g–l)

Table 3: The EDS quantitative analysis results of CSB600°C and MSAR600°C

Element CSB600°C MSAR600°C

Weight% Atomic% Weight% Atomic%

C 71.05 77.31 66.93 75.46

N 7.74 7.22 7.75 7.49

O 17.07 13.95 16.24 13.75

S 2.14 0.87 2.69 1.14

Ca 2.00 0.65 6.40 2.16
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MSAR600°C with the relevant binding energies of 288.38, 286.18, and 284.55 eV correspond to C=O, C-O,
and C-C. Therefore, laver biochar is rich in various oxygen-containing functional groups, providing active
sites for kitchen oil adsorption, which is consistent with FTIR results.

Raman spectroscopy was employed to investigate the lattice disorder of as-prepared samples, as shown
in Fig. 8. The G band (1580 cm−1), generally generated by the symmetric stretching vibration of the benzene
ring in the crystalline graphite carbon and the stretching vibration of the C=C bond conjugated with the
benzene ring, that is, all the sp2 vibrations in the carbon ring or long chain. While the D band
(1350 cm−1) is mainly caused by graphite lattice defects. The intensity ratio of the D band and G band
(ID/IG) was regarded as an indicator of defective degree [34]. It can be observed that the defective degree
(ID/IG) of laver biochar decreased from 1.1063 to 1.0802 after surfactant modification, indicating that
APG and RL might be covering the intrinsic defects of laver biochar, giving rise to the decrease of lattice
defects, disordered edge arrangements and low symmetry-structure carbon, and the increase of disorder in
MSAR600°C.

Figure 7: XPS spectra of the CSB600°C and MSAR600°C: (a) full spectrum, (b) carbon spectrum

Figure 8: Raman analysis of CSB600°C and MSAR600°C
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3.4 Batch Adsorption Experiments

3.4.1 Effect of Adsorption Time
The effect of adsorption time on kitchen oil using CSB600°C and MSAR600°C was analyzed, as shown

in Fig. 9a. It could be revealed that MSAR600°C has a higher adsorption capacity for kitchen oil than
CSB600°C, which is mainly due to the porous structure of laver biochar and enhanced hydrophobic
performance after modification by APG and RL.

Therefore, MSAR600°C exhibits superior adsorption performance for the kitchen oil; when the
adsorption time is 50 min, the maximum adsorption capacity can reach 7.253 mg/g. It can be observed
that the adsorption amount of kitchen oil using MSAR600°C shows an upward trend in the first 50 min,
mainly due to its high hydrophobicity, which can quickly bind oil molecules based on the principle of the
dissolution in a similar material structure. And the adsorption amount showed a gentle downward trend in
50–120 min, ascribed to the abundant porous structure having superior liquid diffusion performance,
which is conducive to the adsorption of oil molecules. Therefore, in further adsorption experiments, the
optimal adsorption time is 50 min.

3.4.2 Effect of pH
Generally, pH plays an important role in adsorption, the solution pH determines the kind of interaction

between the adsorbent and kitchen oil through the ionization of species in the solution. Fig. 9b shows the
effect of pH on kitchen oil adsorption using MSAR600°C between 3.0 to 11.0. It can be demonstrated
that the adsorption capacity of kitchen oil increases at first and then decreases as the pH goes up.

Figure 9: Effects of adsorption time (a), pH (b), temperature (c), and adsorbent dose (d) on kitchen oil
adsorption using MSAR600°C
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Therefore, the optimum pH for kitchen oil removal is 7, which will be used for the subsequent experiments.
RL is an anionic surfactant whose activity is easily destroyed under acidic conditions [35], while APG is a
nonionic surfactant whose activity is unaffected by pH [36]. Thus, the adsorption capacity of kitchen oil
using MSAR600°C is lower under the acidic condition, while that is higher under the neutral and alkaline
conditions.

3.4.3 Effect of Adsorption Temperature
Temperature plays a vital role in the adsorption of kitchen oil by MSAR600°C. Fig. 9c shows that in the

range of 30°C to 70°C, the adsorption capacity increases with adsorption temperature. The surface activity of
APG and RL are not affected by the adsorption temperature in the range of 30°C to 70°C, while the increase
of temperature improves the diffusion performance of oil pollution molecules and enhances the adsorption
efficiency of kitchen oil.

3.4.4 Effect of Absorbent Dose
Fig. 9d shows the adsorption performance for kitchen oil at different doses of MSAR600°C. The unit

adsorption capacity for kitchen oil using MSAR600°C declined sharply and leveled off gradually, when
increasing absorbent dose in the range of 0.005–0.025 g, while the removal rate straight up. This is due
to the increase of the adsorbent dose. The number of active sites on the surface of the adsorbent
increased, which can absorb more oil molecules and then lead to a rapid increase in removal rate.
However, with the increase of the adsorbent dose, the oil adsorption cannot reach saturation, resulting in
a gradual decrease in the unit adsorption capacity. Considering the unit adsorption capacity and removal
rate, the adsorbent dose is 0.012 g in the follow-up experiment.

3.4.5 Adsorption Kinetics Study
The adsorption kinetics of MSAR600°C and CSB600°C for the kitchen oil are investigated using PFO

(Fig. 10a) and PSO (Fig. 10b) models. The adsorption kinetic parameters of MSAR600°C and CSB600°C for
edible oil are shown in Table 4. It can be seen that the R2 value of the PFO model for edible oil is higher than
that of the PSO model. This indicates that MSAR600°C and CSB600°C are mainly physical adsorptions,
involving pore filling and Van der Waals force or electrostatic force [37]. This may be due to the
presence of surfactants, the oil molecules, and the surfactant on the material’s surface between the Van
der Waals force. At the same time, the pore size structure of the material surface provides active sites for
oil molecules [38]. The materials cannot hold oil molecules for long [19,39].

Figure 10: MSAR600°C and CSB600°C adsorption kinetics of kitchen oil: (a) pseudo first order model
(b) pseudo second order model
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3.5 Kitchen Oil Removal Efficiency
The laver biochar at different calcination temperatures and surfactant-modified biochar were tested for

the removal of kitchen oil, as shown in Fig. 11. It can be demonstrated that the removal rate of CSB500°C,
CSB600°C, CSB700°C, CSB800°C, and MSAR600°C is 25.14%, 43.34%, 32.84%, 25.26%, and 75.98%,
respectively. Thus, the laver biochar with surfactant modification has higher removal efficiency of kitchen
oil, and MSAR600°C has the maximum removal rate, up to 75.98%. Meanwhile, the kitchen oil removal
rate of a commercial tableware detergent (CAD) was measured for comparison, up to 72.3%, less than
that of MSAR600°C (75.98%). It can be demonstrated that MSAR600°C possesses a larger specific
surface area and higher hydrophobicity from BET results and contact angle, being beneficial to the
adsorption of kitchen oil molecules.

3.6 Kitchen Oil Removal Mechanism
As we all know, the principle of oil removal is the comprehensive embodiment of infiltration,

emulsification and dispersion, and solubility. In Fig. 12, the hydrophilic group and the hydrophobic group
in the surfactant are adsorbed on the interface between oil and solution; the hydrophilic group points to
the solution and the hydrophobic group points to the oil, directional arrangement, so that the oil-liquid
interfacial tension is greatly reduced. Under the stirring action, the oil is loose, easy to disperse into tiny
oil beads and separated from the workpiece surface. And surfactants aids through emulsification and
dispersion; the oil beads cannot merge and re-adhere to the workpiece surface to achieve the cleaning
effect. Researchers have developed various biochar for the application of oil pollution treatment due to
their rich pore structure, high specific surface area, and a variety of oxygen-containing functional groups

Table 4: The adsorption kinetic parameters for kitchen oil adsorption usingMSAR600°C and CSB600°C

Sample Pseudo-first-order Pseudo-second-order

qe (mg/g) k1 (min−1) R1
2 qe (mg/g) k2 (g/mg min) R2

2

MSAR600°C 6.173 0.083 0.84492 6.713 0.021 0.746

CSB600°C 2.439 0.108 0.91442 2.584 0.088 0.861

Figure 11: Oil removal rate of laver biochar before and after modification
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[5,40,41]. However, the surface of biochar contains many hydrophilic groups, such as -OH, which is not
conducive to the efficient adsorption of oil molecules. Therefore, two environmentally friendly
surfactants, APG and RL, were used to modify laver biochar (CSB). The hydrophilic groups of the
surfactants were linked to the hydrophilic groups on the surface of the CSB, so that more hydrophobic
groups were exposed on the surface, which could efficiently adsorb kitchen oil. At the same time, the
surfactant can reduce the surface energy of biochar, increase the dispersion, improve the contact
efficiency of biochar and oil, and further improve oil adsorption. In addition, the surface of modified
laver biochar (MSAR) shows a porous structure and high specific surface area, which can also achieve
efficient oil adsorption. The MSAR adsorbed oil is washed with water and emulsified with surfactants to
attain efficient oil removal.

4 Conclusion

In this paper, a novel tableware detergent was developed from a macroalga, laver (Porphyra
haitanensis), which was high-temperature carbonized, and modified with APG and RL surfactants,
endowing it with porous structure and hydrophobic surface properties. After surfactant modification,
MSAR600°C exhibits a louts-leaf-like papillae microstructure, endowing its high specific surface area
(23.4 m2/g), hydrophobic performance (Contact angle is 137.5°), and various oxygen-containing
functional groups (-OH, C=O, C-O), being beneficial to the adsorption of oil molecules. The removal rate
of kitchen oil using MSAR600°C is as high as 75.98%, which is even better than that using commercial
detergent (72.3%), mainly because MSAR600°C contains large specific surface area, abundant porous
structure, and various oxygen-containing functional groups, providing more adsorption sites for oil
molecules. In addition, APG and RL grant laver biochar higher hydrophobic, dispersive and emulsifying
properties, which further improve the oil removal efficiency. Therefore, the tableware detergent prepared
from laver in this work exhibits comprehensive materials source, low cost, high efficiency, and
environmental friendliness, and the enormous application potential in green tableware detergent.
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