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Abstract: The utilization of abundant and renewable biontasfbricate advanced
functional materials is considered a promising eoiar environmental applications.
Herein, Lignin-based porous carbon with layeredplgeme-like structure (LPC) is
successfully synthesized and applied to efficiemédynove Pb(ll) and Cd(ll). The
as-synthesized LPC materials are systematicallyacterized and these results show
that LPC has aporous graphene-like structure, facilitating thedfugion and
immobilization of heavy metal ions. The influencedifferent reaction parameters
(solution pH, initial concentration of metal iormntact time and adsorbent amount)
on the adsorption performance is investigated mailde The results demonstrate that
LPC can achieve superior adsorption capacitiess6f®22mg g* for Pb(ll) and 126.4
mg g* for Cd(ll), which are far superior to the previbuseported adsorbents.
Pseudo-second order kinetics model and Freundsokhérm model describe the
adsorption process well. Furthermore, the exhaulsR@ can be regenerated easily
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and exhibits the removalficiency of 96% and 92% for Pb(Il) and Cd(ll) exftfive
continuous runs, respectively. This study showsstasnable strategy for the design
of porous carbon material from naive biomass amgthlights the great potential in
wastewater treatment.

Keywords: Porous carbon; Layered structure; Heavy metals;ofd®n kinetics;

Recyclability

1. Introduction

Nowadays, the massive discharge of heavy metal imne the natural
environment has become a major environmental issaause of their carcinogenicity,
non-biodegradability and bioaccumulation [1-3]. Amgothe discharged heavy metal
ions, Pb(ll) and Cd(Il) have been recognized astypecal hazardous contaminants,
which can be enriched in human body along the fduwain, resulting in irreparable
harm to various organs, tissue, nervous and reptivdu systemeven in trace
amounts [4, 5]. Therefore, it is essential to depehn environmental-friendly and
low-cost strategy to effectively remove these haaeyal ions from sewage and soil.

Numerous remediation techniques have been explamed applied in the
treatment of heavy metals pollution, including exchange,phase extraction,
chemical precipitation, membrane separation, bioklg treatments and
electrochemical methods [6-9]. However, the abdatedmethodologies commonly
suffer from a number of inherent limitations, sashlow efficiency, long period, high
cost, complex operation and generation of secongatlition, which make them
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difficult to obtain satisfactory results in praaiapplication [10, 11]. Comparatively,
adsorption method has received extensive attemtiwhbegan to play a crucial role
for the remediation of heavy metal pollution, dwe its cost-effectiveness, high
efficiency, simple operation as well as consideaibloice for adsorbents [12, 13].

Recent studies have shown that the applicationoohdéss-derived materials in the
field of environmental pollution control has beeaduently studied and made great
progress [2, 11, 14-16]. Biomass-derived mateealsibit very attractive properties,
e.g., renewable resources, carbon-neutral, low-ceste abundance, eco-friendly,
mechanical stability, etc. [17, 18]. Especiallypanber of biomass-derived materials
have been chosen as the most promising adsorbsshisnaployed to remove organic
and inorganic pollutants, owing to the advantage®asy functionalization, large
surface area and porous structure [19, 20]. As st miaundant biopolymer with high
carbon content in nature, lignin can be largelyilabée from the waste of agriculture,
forestry and industry, thus it has been seen a®tanpal precursor to develop
value-added carbon materials nowadays [21, 22]. d¥ew to the best of our
knowledge, most of the biomass-derived adsorberte wommonly prepared from
carbohydrates (i.e., glucose) through the hydrothércarbonization or activation
method, and few studies focused on the removakaf/yr metal ions with the naive
lignin-based materials.

Inspired by these studies, we attempt to developviawin strategy for
simultaneously achieving the exploitation of biosagste and the remediation of
heavy metal pollution. The work shows a facile,egreind efficient method for the
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selective removal of Pb(Il) and Cd(ll) with sevesdtractive features: (1) Layered
graphene-like carbon (LPC) with porous structures wacilely prepared from
lignocellulosic biomass; (2) The physicochemicalgarties of LPC were studied by
SEM, EDS, TEM, XRD, XPS, BET, FTIR, Raman and Zptdaential analysis; (3)
The as-obtained LPC was efficient for the selectiemoval of Pb(Il) and Cd(ll),
where different parameters (i.e., solution pH,iahittoncentration of metal ions,
contact time and adsorbent amount) were evaluatedematically; (4) The

recyclability, adsorption isotherms, kinetics anelamanism were also investigated.

2. Experimental section
2.1. Material synthesis

The resources and purity of chemicals used in #per@ment are provided in
Supplementary Information (SlI). The biomass-derit®&L adsorbent was prepared
through the chemical solution combustion methochgidignin as abundant and
low-cost raw material. In a typical procedure, Dbfglignin and 2 g of urea were
dissolved into 20 mL of 3.8% ammonia solution untlee continuous magnetic
stirring until the homogenous distribution was at¢a. Afterward, the mixture was
then transferred into a beaker and dried at 80tQ th in an oven with Ar protecting
environment. Subsequently, the as-obtained soli@ walled into powders and
calcined at 350C for 1 h with a heating rate o6 min, then heated at a rate of 5
°C min™ to 500°C for 1 h under Ar atmosphere. Finally, the biomdssved LPC
material with layered graphene-like structure wasamed after cooling down to
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room temperature. For comparison, the carbon peelpftom lignin using the same
method without the addition of urea (abbreviated.-#9§ and without the addition of
urea and ammonia (named as L-C) were also syn#tesiz
2.2. Characterizations

The surface morphology of the as-prepared LPC wadoed by scanning
electron microscopy coupled with energy dispersively spectrometer (SEM/EDS,
Hitachi S3200N), and the texture was investigated ttansmission electron
microscopy (TEM, JEOL JEM-3010) at 220 kV. X-rayfdiction spectrum (XRD)
was obtained using a Rigaku D-MAX 2200 VPC powd#rattometer with CKa
radiation at 40 kV and 26 mA, collecting the datameer the range of 10-8Qvith a
step width of 0.0229. Raman measurement was carried out on Renishava inV
Raman spectrometer. Fourier transform infraredtspsmmopy (FTIR) was recorded on
a PerkinElmer Spectrum One FTIR spectrometer irrdahge from 400 to 4000 ¢
The porosity information was measured using a Miwntics ASAP 2020 adsorption
apparatus, and prior to measurements, the pregarefdle was activated in a vacuum
at 200°C for 12 h. The surface chemical valent was analymeX-ray photoelectron
spectroscopy (XPS) using a Thermo ESCALAB 250 imeent with AlKa source.
The surface zeta potential data of the adsorbediffatent pH values were acquired
by a NanoBrook Omni Zeta potential analyzer.
2.3. Adsorption experiment

The adsorption behavior of the obtained biomass«gldrLPC materials was
evaluated. The stock solution of Pb(ll) and Cd(IPO0 mg L) were prepared by
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dissolving 1.34 g Pbgland 2.74 g Cd(Ng),-4H,0 in 100 mL deionized water,
respectively. All adsorption experiments were carted in a conical flask (50 mL)
waggled in a thermostated THZ-100 shaker (Shaniieeng Scientific Instruments
Co., Ltd., China) with a speed of 150 rpm under’G0 To evaluate the adsorption
performance in the solution with different pH vaau®0 mg LPC adsorbent were
added into 60 mg ™ Pb(ll) and 100 mg T* Cd(ll) solution and the desired solution
pH was adjusted by 0.1 M NaOH and HNglution with a pH meter (ST-3100,
OHAUS). Different amounts of LPC (range from 5 1@ #hg) were used to treat 60
mg L™*Pb(ll) and Cd(ll) solution (50 mL) with the pH valwf 6 for Pb(Il) and 2 for
Cd(I). Therewith, 100 mg T*Pb(ll) and Cd(Il) solution were treated by 20 mgCLP
adsorbent at different contact time varying frorh & 10 h for the adsorption kinetic
study. In the adsorption isotherm study, 20 mg Ld&Sorbent was used to remove
different concentrations of Pb(Il) (from 10 to 26@ L™) and Cd(ll) (from 10 to 150
mg L™ at pH of 6, respectively.

After adsorption, the LPC material was separatedcemtrifugation, and the
supernatant was analyzed using ICP-OES spectroneeteeasure the concentrations
of metal ions. The adsorption capaadiffmg g*) and removal percentage(%) of
heavy metal ion can be calculated by Egs. (1) and (

g, = (Co- CO/MXV 1)
Y = 100C,- Cy)/Co (2)
whereCyis the concentration of Pb(Il) and Cd(ll) in thatiad solution (mg LY); C;
represents the Pb(Il) and Cd(ll) concentrationoluson (mg L) at adsorption time
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V stands for the volume of Pb(ll) and Cd(Il) solati(), andW denotes the mass of

LPC adsorbent (g).

3. Resultsand discussion
3.1. Synthesis of LPC materials

The synthesis procedure of LPC was presented inlFig this work, a new type
of lignin-derived porous carbon adsorbent with fagegraphene-like structure was
prepared using lignin as the raw material. Fitfghih was mixed with urea (Fig. 1a),
where urea provided nitrogen source for doping gadon-based materials [23, 24].
Besides, at high temperature, urea was decompotedliH; to assist the formation of
the porous structure [25]. Then the mixture wasalised into ammonia which acted
as activating agent and pore-expanding agent (Higand c). Finally, the LPC
material was dried, calcined at 3%D for 1 h and then heated to 5@ for 1 h under
Ar (Fig. 1d). The internal structure, pore sizetriisition and specific surface area of
LPC had been improved significantly compared witinih precursor, which was
promising for the removal of heavy metals.

SEM images of the as-synthesized lignin-derivecbpsrcarbon material were
presented in Fig. 2a. It was clearly observed that LPC adsorbent possessed a
honeycomb-like structure comprised of thin layerthwarying shape and size. The
porous structure was clearly presented on the csuwttace of LPC. The EDX
analysis of LPC (Fig. S1) showed that it mainlyteamed C as the framework of LPC,
and certain amounts of N were also detected. Homwege shown in Fig. S2, the
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carbon prepared from lignin without urea (L-C) wmaginly composed of large chunk,
showing particle-aggregated addnse irregular surface with few pores. The large
bulk layered structure was observed on the surédce-A sample (Fig. S2). The
framework of the as-prepared LPC adsorbent wahdurexamined by TEM. As
shown in Fig. 2b-d, the single-/multi-layered paatructure is prominent throughout
the sample. Besides, the lignin-derived porous ararimaterial exhibited a highly
interconnected porous structure. Compared with ipusly reported sugar-derived
carbon materials [16, 20, 26-29], the framework LBfC with specially layered
graphene-like structure was quite attractive, whgcimainly due to the role of urea
and ammonia used in the modified chemical solutimmbustion method.

XRD patterns of the as-prepared LPC material weeegnted in Fig. 3a. A broad
diffraction peak observed at ca.®2®as the typical peak of amorphous carbon.
Similarly, the XRD analysis of L-C and L-A matesgJFig. S3) also mainly displayed
a wide carbon diffraction peak at ca.°2Raman spectrum (Fig. 3b) showed two
characteristic peaks appearing at 1344 and 1584 attiibuted to D- and G-band,
respectively. The D-band was related to the digoashel defects graphite structure,
while the G-band was assigned to th&sybridized carbon forms [30, 31]. Besides,
it is well known that the symmetric peak (2D) asraportant parameter was used for
the estimation of graphene layer numbers basets@hape and position. The broad
and weak 2D band located at 2862 trauggesting the existence of the layered
graphene-like structure in the LPC material. Tyllycahe spectral profile (i.e., peak
position and intensity) can provide unique inforimatto analyze the degree of
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accumulation and graphitization of carbon matdBal. Compared with the L-C and
L-A samples (Fig. S4), LPC possessed the sharpateted peaks, meaning that LPC
had a higher graphitization degree with smalleckihéss, which was well consistent
with the SEM and TEM observation.

The BET surface area and pore size distributiotheflayered graphene-like LPC
were further analyzed by,Ndsorption-desorption test. As shown in Fig. 3claasic
type-IV adsorption isotherm with a hysteresis loop type H2 was observed,
indicating the existence of mesopores in the obthihPC adsorbent. The main
distributions of pore sizes were around 2.3 nm BEE specific surface area was
determined to be 375.8°ny™* for LPC material. The FTIR analysis of the ligr@ind
LPC samples were employed to study the change exhidal functional groups. As
shown in Fig. 3d, the peak at 831 ¢nfor pristine lignin were assigned to the C-H
out of plane vibration. The peak at 1116 tmvere arising from the-hydroxyphenyl
(H) units. The peaks at 1610 and 1509 tmere related to the vibration of aromatic
skeleton. The peaks at 2935 and 2839'emere attributed to the presence of C-H
stretching [33]. Meanwhile, it can be observed that obtained LPC contained new
peaks at 1043, 1196, 1732 and 1536 ‘cpredominantly due to the stretching
vibration of C-N and N-O [34], respectively, whictonfirmed the successful
preparation of nitrogen doped LPC via the modifaddmical solution combustion
method. Moreover, a broad band centered around 8489appeared in the FTIR
analysis of the lignin and LPC materials, corresiog to the O-H stretching
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The surface element composition and electronice statlayered graphene-like
LPC materials were further characterized by XP$).(B). The whole XPS survey
spectra were shown in Fig. 4a, whereas the peaks Nf and O were clearly present.
The C 1s spectra (Fig. 4b) can be split into twakge which corresponded to C-C
(285-286 eV) and C-O (288.5-290 eV), respectivEhe binding energy of N1s (Fig.
4c) appeared at 403.7 eV was ascribed to C-N-Gh&umore, three peaks located at
529.6-529.9eV, 531.9-532.4eV and 533.00-533.31 erewdetected in the peak
fitting of O 1s spectrum (Fig. 4d), which could &scribed to lattice oxygen, surface
adsorbed oxygen and textural water, respectively.

3.2. Influence of operating parameters on the adsorption
3.2.1. Influence of solution pH

The adsorption experiment of Pb(Il) and Cd(ll) wastly performed using the
synthesized LPC at different pH value. It was obsérfrom Fig. 5a that the Pb(ll)
adsorption capacity of the porous biomass carbo@ Lfereased considerably with
the increasing pH value. There was little changtheadsorption quantity when the
pH becomes larger than 4. The sharply increasisgration capacity at the solution
pH ranging between 3 and 4 was probaigigause of the competition of the’Plith
HsO" for adsorption sites of LPC. On the other hand,dirface functional groups of
LPC would be protonated and acquired positive adgrgesulting in the electrostatic
repulsion with cationic PB. As reported previously [35], the adsorption pthyke
leading role in the removal of Pb(ll) at the low,pihile pH was higher than 6, the
precipitation process of Pb(OfH)ould be gradually dominated the process. At adutr
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or higher pH condition, the adsorption of LPC wouwdcur concurrently with
precipitation of heavy metal ions, the pH value Wass set to 6 in this study.

As shown in Fig. 5b, with the gradual increase atison pH, the adsorption
capacity of LPC for Cd(ll) constantly increased,dathe maximum adsorption
appeared at a pH of 9. Among different Cd(l1) speciCd” was the dominant species
when pH value was less than 8 in the solution. WtherpH value was over 8, more
cadmium ion would be converted to precipitate iadtef adsorption removal by the
fabricated porous carbon material. Therefore the valtle was set at 6 for the
adsorptiorprocess of Cd(ll).

3.2.2. Effect of adsorbent amount

As shown in Fig. 5c, a sharp rise in the Pb(ll) ogal efficiency can be seen
clearly with the mass ratio of absorbent/heavy irietes increased in the initial stage,
following with aslow increase at the amount of 30 mg. Similarlg #udsorption
guantity of Cd(ll) increased with the increase &a.amount variation from 10 to 50
mg (Fig. 5d). This was because effective adsorpsdas on the LPC surface
significantly increased as the adsorbent amousédaileading to the rapid removal of
Pb(ll) and Cd(Il) from aqueous solution. Howevemen the adsorbent amount
continued to increase, the remowefficiency of heavy metal ions will reach
equilibrium.
3.2.3. Effect of contact time and adsor ption kinetics

The experimental results to determine the effectanitact time on the adsorption
of Pb(ll) and Cd(Il) were presented in Fig. 6awHs evident that there was a rapid
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increase in the Pb(ll) and Cd(Il) removal efficigrioom 0 to 250 mg § and from 0
to 127 mg- g, respectively, with the increase of contact timeging from 0 to 60 min.
When the contact time was more than 60 min, a alateppeared, and further
prolonging the contact time had only a trivial effen the removal of Pb(ll) and
Cd(Il). This could be ascribed to the saturatiorad$orption sites on the surface of
LPC adsorbent.

The adsorption kinetics was analyzed for a beteletstanding of the adsorption
mechanism by LPC. The experimental data were fitteidg the pseudo-first-order
and pseudo-second-order model, respectively (Hig.aed c), and the calculated
kinetic parameters arabrrelation coefficientsR?) were given in Table S1. The linear
forms of pseudo-first-order and pseudo-second-ardmiel were depicted in Egs. (3)
and (4). It was shown that the pseudo-second-ageation was well fitted with the
obtained results compared with the pseudo-firseordquation, where the best
correlation coefficient >0.99) was obtained, suggesting that the rate cingjo

step in this study may be the chemical adsorption.

kit
log(Qe — Q) =10gQe — =5 ®
. @
0 " k@2 Q.

where Q and Q are the amounts of adsorbed metal ions (Myag equilibrium and
at any timek; andk, are pseudo-first order model (rfhand pseudo-second-order
model (g mg* min~Y) rate constants, respectively.
3.2.4. Effect of initial concentration and adsorption isotherms

The relationship between the initial concentratodrheavy metal ions and the
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adsorption performance of the resulting adsorbeetewfurther investigated. The
adsorption of Pb(ll) and Cd(ll) by LPC versus timéial concentration curves are
presented in Fig. 7. The rapid adsorption process taken place at the lower
concentration, which could be owing to the adequatsorption sites on the LPC
surface. With the increasing of initial concentrati adsorption sites were gradually
occupied by metal ions and then reached the stiseturation ultimately.

The adsorption values of LPC toward Pb(Il) and Qdffere investigated with
Langmuir (Eg. (5)) and Freundlich (Eg. (6)) isother Fig. 7 showed that the
Freundlich isotherm fitting curves were well matdiveith actual values of Pb(ll) and
Cd(Il) adsorption under the studied operating ctows. Besides, the relevant
parameters listed in Table S2 illustrated thattizimumR? values (0.988 for Pb(ll)
and 0.975 for Cd(ll)) can be obtained in Freundhebdel, which confirmed that the
adsorption process of Pb(ll) and Cd(ll) can be wielcribed using the Freundlich

model with the heterogeneous adsorption behavior.
Ce_ Lt G
de AmKr qm

(5)
Ing, = %lnCe + InKp (6)
whereK, (L mg™) and ¢, (mg g %) are the Langmuir isotherm parameters relating the
adsorption energy and the equilibrium adsorptiopacdy, respectivelyKe (mg (L
mg ) " and n are the Freundlich isotherm parameterssepting the adsorption
capacity and the adsorption intensity, respectively
3.3 Desorption and recyclability of LPC

The desorption behaviors and recyclability of LP€revfurther studied. In this
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work, four desorbents (i.e., HNO EDTA, NaNQ and NaCQO;) with the
concentration of 0.1 mol L were selected, and the results were shown in TaBle
Albeit the optimal desorbent was HM@ high concentration of HNQvould destroy
the structure of LPC. Therefore, 0.1 mof" NaCO; solution was used as the
desorbent.

The recycling performance of LPC for adsorption Rif(Il) and Cd(ll) was
evaluated, as shown in Fig. 8. After the adsorptibe LPC material was separated
through centrifugation and then dried for the nextind. Thus, the regeneration
procedure unavoidably caused the weight loss ofLfR€. However, the removal
efficiencies of Pb(ll) and Cd(ll) were still hightdran 96% and 92%fter successive
five cycles of the adsorption-regeneration processpectively. The excellent
recyclability as well as a simple regeneration mdtmade the LPC as a potential
adsorbent to remove Pb(ll) and Cd(ll) from wastewat
3.4 Comparison of adsorption property of different materials

Fig. S5 showed the removal efficiency of Pb(Il) &ui(Il) in a solution (50 mL)
with the concentration of 60 mglafter 200 min treatment using 20 mg of LPC, L-A,
L-C and pure lignin at pH of 6. Compared to theulssof L-A, L-C and lignin, the
obtained LPC displayed an superior removal efficyeaf Cd(ll) (98.3%) and Pb(ll)
(99.2%), which was ~8.2 and 6.3 times higher thaat bf pristine lignin (Cd(ll)
(12.1%) and Pb(ll) (15.6%)), respectively.

To benchmark the adsorption capacity of LPC, thevipusly reported
adsorbents are summarized and compared in Tal®@erierally, compared with other
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adsorbents, the synthesized LPC with larger surfacea exhibited superior
performances for Pb(ll) and Cd(ll) removal withdesdsorbent amount, higher initial
concentrations, shorter contact time, and under ribar-natural condition. More
importantly, the LPC can be synthesized throughimaple chemical solution
combustion method by using the renewable ligninjctvhnot only avoided the
contamination from the harmful precursors but aksstuced the energy consumption
as well as the operating cost in water remediation.
3.5 Mechanism study

The adsorption mechanism of the as-fabricated LR(@enal for heavy metal
ions removal was further explored through analggihie Zeta potential and XPS data.
Firstly, the adsorption LPC performance increasét the increase of pH, which was
attributed to the electrostatic interaction betwées LPC surface and heavy metal
ions as confirmed by the zeta potential analysig.(56). Specifically, the LPC
exhibited positive potentials when pH was lowemtt®& while its surface potential
was negative as pH increased from 3 to 9 resulinghe enhanced adsorption
efficiencies for PB and Cd* via the electrostatic attraction. XPS analysishef tPC
material after adsorption was further performedy(B7). The appearance of strong
peaks centered at 406.1 and 412.1 eV correspo@d t&d, and the distinctive peaks
observed near 138.1 and 144.1 eV were assignetl &f. hese data demonstrated
that Pb(Il) and Cd(ll) ions were complexed or ppdated on the surface of LPC
adsorbent, suggesting that the high surface amgarmus graphene-like structure of
LPC were beneficial for the removal of heavy métak. In general, the high surface
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area and electrostatic interaction played a cruakd in the adsorption process of
heavy metal ions on the LPC.
4. Conclusions

In this work, a novel kind of cost-effective andveanmental-friendly porous
carbon with layered graphene-like structure wapgmed using the sustainable lignin
as the raw material. The physicochemical propedfesPC were investigated using
multiple characterization techniques (i.e., Zetéeptal, XRD, Raman, FT-IR, BET,
EDX, XPS, SEM and TEM), confirming the fabricate®C had a porous structure
with graphene-like thin layers. The LPC materiapiy very promising performance
for the removal of Pb(Il) and Cd(Il) with the optnadsorption capacities of 250.47
and 126.37 mg Y respectively. An obvious dependence on the swiuH was
found for the removal of Cd(Il) over the pH rangedm 2 to 9, whereas a little
influence was observed for the removal of Pb(Ilewlthe pH was higher than 6. The
kinetic analysis showed the adsorption process ©begseudo-second-order model,
indicating that the chemical adsorption is the m@atrolling step. The isotherm of
adsorption process can be well fitted to Freundlictodel, suggesting the
heterogeneous adsorption behavior. Moreover, th€ la@sorbent demonstrated
satisfactory recyclability and the removal effiagnof Pb(ll) and Cd(ll) were more
than 96% and 92% even after five continuous rurge porous carbon from the
renewable biomass proves as a good candidate dan alecovery of heavy metals
from wastewater. This study may promote the vaddiaen of abundant biomass for
the remediation of the environmental pollutants.
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Fig. 1. Schematic illustration for the synthesis of LPC.

Fig. 2. SEM (a) and TEM (b-d) images of the as-prepared BB€brbent.
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Fig. 4. XPS spectra of LPC adsorbent: (a) XPS survey; (s &) N1s; (d) O1ls.
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23



Tablel

Comparison of Pb(ll) and Cd(Il) maximum adsorptoapacity of LPC with those of various previouskydied adsorbents.

Adsorbents Heavy metals Adsorption capacity Refs. dsokbents Heavy metals Adsorption capacity Refs.
MnO-Kaol cd(ll) 36.47 mg ¢
Activated tea waste Pb(ll) 81.00mg g [36] [43]
Kaol cd(i 14.11 mg ¢
CNT/thiol Pb(ll) 65.52mg g [37] BC-MnO, cd(l) 81.10 mg ¢ [29]
Biochar/manganosite  Pb(ll) 491 mg g
[38] Ca-MBC cd(l) 10.07 mg g [44]
Bhar/birnessite Pb(Il) 47.05 mg g
Pb(Il) 99.05 mg ¢
Pomelo peel biochar Pb(ll) 88.74mgg [39] Mango peel waste [45]
cd(I 68.90 mg
Pb(Il) 164.00 mg ¢
DMTD loaded MSNs Pb(ll) 67.20 mg'g [40] PGME-deta [46]
cd(ll) 152.00 mg ¢
Pb(ll) 8.26 mg ¢
Water hyacinth biochar  Cd(ll) 70.30 mg g [41] CPMB [47]
cd(l 24.68 mg ¢
Mnetic biochar cd(ln 62.50 mg g Pb(ll) 250.47 mg g™ This
[42] LPC
FMWCNTs cd( 83.33mg ¢ cd(ln) 126.37 mgg* work
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