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Abstract

Functionalized ordered mesoporous carbon (MOMC-NP) was synthesized by chemical modification using HNO5 and H3;PO, to
enhance Pb(Il) adsorption. The phosphate functional group represented by P-O-C bonding onto the surface of OMC was verified
by FT-IR and XPS. Batch adsorption experiments revealed the improvement of adsorption capacity by 39 times over the virgin
OMC. Moreover, the Pb(II) adsorption results provided excellent fits to Langmuir model and pseudo-second-order kinetic model.
The adsorption mechanism of Pb(II) onto MOMC-NP revealed the formation of metal complexes with carboxyl, hydroxyl, and
phosphate groups through ion exchange reactions and hydrogen bondings. The calculated activation energy was 22.09 kJ/mol,
suggesting that Pb(II) adsorption was a chemisorption. At pH>pH,,,., the main Pb(II) existing species of Pb(Il) and Pb(OH)"
combine with the carboxyl, hydroxyl, and phosphate functional groups via electrostatic interactions and hydrogen bonding. All
these findings demonstrated that MOMC-NP could be a useful and potential adsorbent for adsorptive removal of Pb(II).

Keywords Lead (II) adsorption - Ordered mesoporous carbon (OMC) - Functionalized OMC - Adsorption mechanism - XPS
analysis

Introduction 2018). Lead is a heavy metal often discharged into

waterbodies from various industries such as metal plating,
Heavy metal contamination attributable to industries and do-  painting, mining operations, and manufacturing of acid bat-
mestic activities contaminates natural waterbodies and has  tery. Owing to the non-biodegradable nature of Pb(Il), accu-
been identified as a serious environmental threat (Ma et al. ~ mulation of this metal in living organisms can cause
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detrimental effects (Bai et al. 2018). Long-term exposure to
Pb(Il) beyond the acceptable limits has been identified to
cause health problems such as abortion, stillbirths, sterility,
mental disturbance, and liver and kidney damage (Kuang
et al. 2019; Lian et al. 2020a). During the Flint water crisis,
in 2014, due to non-effective corrosion inhibitors, over
100,000 residents were potentially exposed to higher levels
of Pb(Il) in the drinking water. The permissible level of
Pb(Il) in drinking water set by the USEPA is 0.015 mg/L
(Guyo et al. 2014).

Available techniques for remediation of Pb(II) from water
include adsorption, chemical precipitation, membrane separa-
tion, ion-exchange, and reverse osmosis (Meeroff et al. 2019;
Meeroff et al. 2020; Shaha et al. 2019). There are some dis-
advantages associated with these treatment methods such as
sludge disposal problems, sensitive operating conditions, and
high treatment costs (Ramos-Jacques et al. 2018; Ahmad
2019). Among these technologies, adsorption techniques have
gained a lot of attention due to its effectiveness for Pb(Il)
removal, low cost, and simple operations (Ilia et al. 2017).
Various adsorbents have already been reported for Pb(Il) re-
moval such as chitosan—tripolyphosphate (Ngah and
Fatinathan 2010), modified lignin (Demirbas 2004), phos-
phorylated bacterial cellulose (Oshima et al. 2008), carbon
aerogel (Kumar et al. 2005), carbon nanotubes (Li et al.
2002), and chitosan (Ng et al. 2003).

OMC has gained researchers’ considerable attention
due to its distinctive features, which are high BET sur-
face area, large pore volume, and improved thermo-
mechanical stability. All these special features make
OMC a suitable adsorbent to remove pollutants
(Konggidinata et al. 2017; Lian et al. 2020b).
However, OMC has limited success for some organic
pollutants and metal ion removal (Chen et al. 2015;
Shou et al. 2016). Therefore, chemical modifications
of OMC are gaining considerable interests in improving
adsorption performance. In general, the OMCs modified
by chemical compounds have been shown to yield
higher adsorption capacities and removal efficiencies
for various aquatic pollutants (Mahmoud 1999). For ex-
ample, several researchers synthesized N, S co-doped
OMC, ammonia-modified OMC, and neodymium-
embedded OMC for enhanced mercury (Liu et al.
2016), dyes (Peng and Fu 2014; Ahmad et al. 2019c¢),
and resorcinol removal (Guo et al. 2013; Ahmad et al.
2018; Ahmad et al. 2019a; Ahmad et al. 2019b),
respectively.

It is well-known that phosphate functional groups have
shown excellent chelating properties with Pb(Il) in aqueous
solutions (Illy et al. 2015). Also, there are a lot of applications
of phosphate functional groups for heavy metal removal from
the waste stream via bonding. For example, phosphorylated
bacterial cellulose has been used as an absorbent to remove

various lanthanides and transition metals (Oshima et al. 2008).
Based on the literature survey, it was found that the metal
cations exhibited the typical Lewis Acid property and phos-
phate functional groups with a low acid-base ionization con-
stant showed a typical Lewis Base property within a varied
range of pH. According to Lewis Acid-Base theory, phosphate
functional groups can connect with metal cations through
electrostatic interaction or chelation (Wang et al. 2015).
Various phosphorylating agents have been studied on cellu-
losic materials for decades, such as phosphorus oxychloride
(POCls), phosphorus pentoxide (P,Os), phosphoric acid
(H5PO,), and diammonium hydrogen phosphate
(NH4),HPO, (Ghanadpour et al. 2015). These approaches
were built on the assumptions of different forms of phosphor-
ylation, such as phosphorylation of R-OH, phosphorylation
on double bonds, and phosphorylation of amine functions.

Our hypothesis is that the phosphate functional groups
grafted onto OMC surface would have a good affinity towards
Pb(Il) in aqueous solution. The presence of phosphate func-
tion groups on OMC surface is theorized to provide more
anchoring active sites for Pb(II) complexation, therefore, mak-
ing this a better adsorbent for Pb(Il) adsorption. The main
objective of this study aimed to improve the Pb(II) adsorption
capacity by introducing the phosphate functional groups on
OMC surface. This study used nitric acid as an intermediate
chemical to introduce more -OH groups on the surface of
OMC so that more phosphate functional groups can be incor-
porated on the OMC surface by reacting with the -OH groups
based on the phosphorylation reaction. Comparing with the
previous absorbents modified by phosphoric acid, OMC, with
a large BET surface area and pore size, may provide more
active sites to react with phosphate functional groups and form
more Pb(Il) adsorption sites.

Experimental section
Chemicals

Triblock copolymer surfactant, Pluronic P123 was pur-
chased from Sigma Aldrich. Tetraethyl orthosilicate
(TEOS, 98%), hydrochloric acid (HCI, 37%), and
hydrofluoric acid (HF, 48%) were purchased from
Acros Organics. Phosphoric acid (H3PO4, 85%), nitric
acid (69%—71%), and lead(Il) nitrate (99.999%) were
purchased from Fisher Scientific.

Synthesis of functionalized OMC (MOMC-NP)

The ordered mesoporous carbons (OMC) were synthesized
using SBA-15 as the silica scaffolding and sucrose as carbon
precursor. The procedures of preparation of SBA-15 and
OMC were followed by the previous studies (Konggidinata
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et al. 2017; Lian et al. 2019). The phosphoric acid (H3;PO,4)
was utilized as the source of phosphate function groups
(Huang et al. 2014; Luo et al. 2017). First of all, 2 g of
OMC was added to 1 M nitric acid with continuous stirring
at room temperature for 2 h. The reflux condenser was applied
to contain the mixture at 140 °C for 4 h. Next, the separated
nitric acid by filtration was collected as the specific waste for
further purification and reuse. Then, the solid product was
washed with DI water and placed in the oven to be dried at
80 °C for overnight. Next, 65 mL of 85% phosphoric acid was
added and the mixture was stirred at room temperature for 2 h.
The reflux condenser was also used to keep the mixture at
140 °C for 8 h. Similarly, the phosphoric acid was also
separated by filtration and collected as the specific
waste. Afterwards, the obtained solid product was
washed with 2000 mL of DI water and dried in the
oven at 80 °C overnight. The final product was labeled
as MOMC-NP.

Characterization of MOMC-NP

The FTIR spectra were obtained by Jasco 4700 Fourier
Transform Infrared Spectroscopy. The XPS spectra were ob-
tained by Scientaomicror ESCA 2SR XPS System. The spe-
cific surface area, pore volume, and pore size distribution were
obtained from a Micromeritics ASAP 2020 surface area and
porosimetry analyzer. SEM and TEM images for were obtain-
ed from a JEOL 6300 Field Emission Scanning Electron
Microscopy and a Hitachi 7600 Transmission Electron
Microscopy, respectively.

Batch adsorption studies

The adsorption experiments were implemented in batch mode
and Pb(II) concentration was measured by employing Atomic
Absorption Spectrometer (AAS, PerkinElmer PinAAcle
900 T) (Tran et al. 2018). The Pb(II) solutions with the initial
desired concentrations were placed in 40-ml glass vials and
the glass vials were capped and sealed with laboratory
parafilm. One blank sample without any absorbents (OMC
and MOMC-NP) was prepared and treated with the regular
samples under 250 rpm in the shaker under ambient tempera-
ture conditions. This blank sample was considered as a refer-
ence control in every batch experiment. In this study, Pb(II)
solutions with an initial concentration of 60, 80, and 100 mg/L
were used for kinetics study. The pH value of the solutions
was adjusted by 0.1 M HNOs and 0.1 M NaOH from 2 to 10
and temperature was varied from 25 to 45 °C to investigate the
effects on Pb(Il) removal. The samples were placed in the
shaker and agitated at 250 rpm for 3 h. After shaking, the vials
were removed and solutions were filtered by a 0.45-um sy-
ringe filter. All the results of adsorption experiments were the
average of duplicates.

@ Springer

The adsorption capacity of OMC and MOMC-NP, Q.. (mg/
g) at the equilibrium condition was calculated by the follow-
ing equation:

(Cl'_Ce) xV

- 1)

0, =
Where, C; is the initial concentration of absorbate (mg/L);
C. is the final concentration of adsorbate at equilibrium (mg/
L); Vs the volume of the solution (L); M is the mass of the
absorbent (g).
However, the adsorption capacity at pre-determined time
intervals was calculated by using the following equation:

(Cj_Ct) X V

= @)

0=
Where, C, is the concentration of adsorbate (mg/L) at time ¢
(min).

Results and discussion
Characterization of adsorbents
Surface area and porosimetry measurement

The BET surface area and pore size distribution of OMC and
MOMC-NP are presented in Fig. S1. The MOMC-NP pos-
sessed lower surface area (994.65 m?/g) and smaller pore size
(3.9 nm) compared with OMC shown in Table S1. The pos-
sible reason is that the structure of mesoporous channels of
OMC shrinks after phosphoric acid treatment leading to the
reduction of surface area and pore size of MOMC-NP.
Figure S1(a) shows type IV nitrogen adsorption/desorption
isotherm of OMC and MOMC-NP, which is typical for meso-
porous materials (Konggidinata et al. 2017). A smaller relative
pressure range of capillary condensation step for MOMC-NP
indicated a narrow pore size distribution for MOMC-NP. This
could also be observed in Fig. S1(b) showing that the pore size
of OMC is wider than the pore size of MOMC-NP. The ma-
jority of the pore size falls within the range of mesopore (2—
50 nm), suggesting that the material is mesoporous material.
The data provided in Table S1 also support this conclusion.

Scanning electron micrographs (SEM) and EDS

The SEM-EDS micrographs of OMC, MOMC-NP, and
MOMC-NP after being Pb(II) adsorbed are shown in Fig. 1.
The morphology of original OMC shows smooth and the EDS
indicated that carbon is the main element for OMC followed
by the sulfur, possibly due to H,SO, being introduced as a
catalyst in the synthesis process. After chemical modification,
the surface morphology of MOMC-NP was drastically
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Fig. 1 SEM and EDS images of a OMC, b MOMC-NP, and ¢ MOMC-NP after Pb(II) adsorption

changed where the surface had more irregular form and more
angles. The EDS spectra also confirmed the presence of
phosphorus on the MOMC-NP. The change observed
after Pb(II) adsorption onto MOMC-NP was smoother
than both of morphology of OMC and MOMC-NP,
which could be due to Pb(Il) complexation formed with
the activated sites onto the surface of MOMC-NP. The
EDS micrograph also supported the existence of lead on
the MOMC-NP.

Transmission electron micrographs (TEM)

The TEM images of OMC and MOMC-NP were shown in
Fig. 2. The TEM image of OMC showed the uniformly ar-
ranged pores that can be corresponded to the p6mm structure
typically observed. The TEM image of MOMC-NP indicates
that the ordered structure disappeared after chemical treat-
ment. The probable reason could be ascribed to the acid treat-
ment which shrank the ordered structure of OMC, which

Fig. 2 TEM images of a OMC
and b MOMC-NP

subsequently explained the reduced BET surface area and
pore size.

X-ray photoelectron spectroscopy (XPS)

The Ols spectra of OMC (Fig. 3(a)) were deconvoluted into
two spin-orbit splitting peaks at 531.8 eV and 533.8 eV cor-
responding to O=C bonding and O-C bonding, respectively.
In the Ols spectra of MOMC-NP (Fig. 3(b)), the two spin-
orbit splitting peaks at 531.1 eV and 532.8 eV were obtained.
The peak at 531.1 eV could be assigned to O=C bonding, O=P
bonding, and O-P bonding which are found to be in line with
the previously reported observations in the literature (Achary
et al. 2018). The peak at 532.8 eV could be assigned to O-C
bonding which is lower than that of O 1 s of OMC possibly
due to the presence of O-C bonding in the P-O-C linkage. The
weaker shoulder peak located at around 535.4 eV in O1s spec-
tra of both of OMC and MOMC-NP stands for surface-
adsorbed water and oxygen (Gao et al. 2018; Qu et al.
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Fig. 3 XPS spectraofa O 1 s in OMC; b O 1 s in MOMC-NP; ¢ P 2p in MOMC-NP; and d Pb 4f in MOMC-NP after Pb(Il) adsorption

2019). The P2p spectra were found in MOMC-NP (Fig. 3(c))
and deconvoluted into two peaks at 133.4 eV and 131.7 eV,
which could be attributed to P-O and P-O 2 groups (Luo et al.
2017), respectively. This result provides a strong evidence that
phosphate functional groups were grafted onto the OMC sur-
face. The Pb4f peaks at 143.1 eV and 138.3 eV were found in
the spectra of Pb4f after Pb(II) adsorption (Fig. 3(d)), which is
different from the Pb4f peaks centered at 144.1 eV and
139.2 eV in the spectra of Pb(NOs),. This phenomenon indi-
cates that Pb(II) may be in the state of Pb-O-P which is similar
with the literature-reported results (Luo et al. 2017). The Cls
spectra of OMC, MOMC-NP, and MOMC-NP after Pb(II)
adsorption was deconvoluted into three peaks at 284.8 eV,
285.7 eV, and 289.1 eV, corresponding to C-C and C=C bond-
ing, C-OH bonding, and (C=0)OH bonding, respectively, as
shown in Fig. S2.

Fourier transform infrared (FT-IR) spectroscopy

The FT-IR spectra of OMC, MOMC-NP, and MOMC-NP
after Pb(Il) adsorption are shown in Fig. 4(a). Several peaks
can be ascribed to -OH groups, C-O groups, and alkenes bend
observed at 3435 cm™', 2370 cm™ ', 1384 c¢cm™', and
1640 cm™', respectively. The peaks observed at 1710 cm '

@ Springer

can be ascribed to C=0 groups in MOMC-NP and the peak
at 1230 cm™' can be credited to the stretching vibrations of H-
bonded P=0O and O-C in P-O-C bond, and P=OOH
(Momcilovic et al. 2011). The disappearance of the peak at
1710 cm ' and the reduction of the peak at 1230 cm ™' can be
observed significantly in MOMC-NP after Pb(I) adsorption
when compared to MOMC-NP. All these results suggested
that the metal was adsorbed at the active sites of MOMC-
NP. Accordingly, it can be further specified that the chemi-
sorption is the principal adsorption mechanism since signifi-
cant difference was discernible in the FTIR spectrum of virgin
MOMC-NP and MOMC-NP after Pb(Il) adsorption.

Boehm titration

The Boehm Titration was utilized to quantify the acidic oxy-
gen functional groups present on the surface of OMC by using
NaHCOj;, Na,COs, and NaOH. The procedures of Boechm
Titration were followed the literature (Konggidinata et al.
2017). The formula used to express the number of surface
functional groups(n.gy) is (Oickle et al. 2009):

1%
ney = [B]V—[HCI] VHClvfj 3)
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Fig. 4 a FTIR spectra of OMC, MOMC-NP, MOMC-NP after adsorbing Pb(II); b the effect of pH value on Pb(II) removal by MOMC-NP; ¢ pH,,, of

MOMC-NP; d the influence of background cations on Pb(II) adsorption

Where, n.y is the number of moles of surface functional
groups on the OMC surface; [B] is the concentration of the
reaction base mixed with OMC and MOMC-NP (mol/L); V is
the volume of the reaction base mixed with OMC and MOMC-
NP (L); [HCI] is the concentration of the acid used to titrate the
base (mol/L); Vi is the volume of the acid used to titrate the
base (L); Vj is the volume of aliquots taken from Vp (L).

The Boehm titration results of OMC and MOMC-NP are
shown in Table S2. The carboxylic groups were found to be
increased from 0.59 mmol/g for OMC to 0.97 mmol/g for
MOMC-NP. The lactonic group and phenolic group were
found to be consistently increasing from 0.022 to 0.033 and
0.056 to 0.084 mmol/g, respectively. The adsorption capacity
of these three adsorbents for Pb(Il) removal increased with the
increment of acidic sites. This could be attributed to the re-
lease of H" from the acidic sites and the exchange of Pb(II)
with H* at the vacant acidic sites (Ornek et al. 2007).

The effects of environmental factors
The effects of pH
The Pb(II) adsorption onto MOMC-NP was examined at var-

ious pH conditions. The results are depicted in Fig. 4(b). The
adsorption capacity of Pb(II) increased from 41.54 to 50 mg/g

with a change in pH from 2.0 to 10.0. However, the precipi-
tation was observed in Pb(Il) solution when the pH of the
solution reached 5.5, suggesting that the optimum pH was 5.
Below this pH, a decreasing trend in adsorption capacity was
observed. Above this pH, precipitation was observed in the
aqueous solution. It has been reported that the formation of
insoluble species of Pb(OH), occurred at pH of 6 (Farooghi
et al. 2018). The pH value of the solution can affect the ad-
sorption capacity by influencing the surface charge of the
adsorbents resulting in the dissociation of the functional
groups on the surface of MOMC-NP (Lu and Guo 2019).
From the results of acid-base titration plotted in Fig. 4(c),
the pHy,. of MOMC-NP is 4.2. At pH<pH,,., the surface of
MOMC-NP was protonated. Therefore, the bonding process
was hindered due to the repulsive forces between Pb(Il) and
positively charged active sites. At pH>pH,,,., the surface was
negatively charged. The electrostatic attraction between Pb(II)
and deprotonated carbon surface promoted a higher adsorp-
tion capacity.

The effect of background cations
In general, natural water bodies usually contain various back-

ground ions such as Na*, K*, Ca®*, Mg®*, and AI** which
may interfere with the performance of MOMC-NP on Pb(II)
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adsorption. To study the effects of the background cations, the
experiments were conducted by adding NaNOj, KNOs,
Ca(NO3),, Mg(NO3),, and AI(NO3); to obtain the concentra-
tion of 100 mg/L of cations. Figure 4(d) shows that the mono-
valent cations (Na*, K*) have insignificant effects on Pb(II)
removal and the divalent cations (Ca®*, Mg®*) have limited
effects on Pb(Il) adsorption with 81% of the original Pb(Il)
adsorption capacity. However, AI** has significant interfer-
ence with Pb(Il) adsorption on MOMC-NP with a reduction
of 58.7% in adsorption capacity. The main reason for this
phenomenon is probably that Na*, K*, Ca**, and Mg** can

observation could be attributed to the higher Pb(II) concentra-
tion which has the stronger driving force to combine with the
adsorption sites present on the surface of MOMC-NP (Shi
et al. 2018).

The adsorption kinetics data were fitted to Pseudo-First-
Order, Pseudo-Second-Order, and Weber Morris Intra-
Particle Diffusion models. The equations of Pseudo-First-
Order (Eq. 4), Pseudo-Second-Order (Eq. 5), and Weber
Morris Intra-Particle Diffusion (Eq. 6) were shown below
(Marques et al. 2018; Guo et al. 2018; Zou et al. 2019).

combine with water molecular strongly by ion-dipole force, 0 = Qe(l_eiKlt) (4)
leading to a lower electrostatic interaction with -OH and phos- Qﬁ kot

phate function groups on the surface of MOMC-NP than Q = m (5)
Pb(Il). On the other hand, there is a relatively weaker ion- ¢

dipole force between AI** and the water molecular, contribut- O, = kst 24 ¢ (6)

ing a competition with Pb(II) to interact electrostatically with -
OH and phosphate function groups on the surface of MOMC-
NP (Ling et al. 2017).

Adsorption kinetics

As shown in Table S3, the Pb(II) adsorption performance for
original OMC and MOMC-NP with the initial concentration
of 60 mg/L was tested. The results showed that the adsorption
capacity of original OMC was only 1.43 mg/g indicating that
original OMC showed almost no contribution to Pb(Il) ad-
sorption. On the other hand, MOMC-NP exhibited the signif-
icantly higher adsorption capacity towards Pb(Il) with an ad-
sorption capactiy of 56.45 mg/g which was found to be 39
times higher than virgin OMC. Therefore, MOMC-NP was as
the domiant adsorbent for Pb(Il) adsorption in kinetics and
isotherm studies.

The influence of contact time (Fig. S3(a)) revealed that the
Pb(II) adsorption capacity showed increment with the increase
of shaking time and attained the equilibrium state within
25 min. The adsorption capacity of MOMC-NP (Fig. 5(a))
for Pb(Il) significantly increases from 56.1 to 77.8 mg/g when
the initial concentration increases from 60 to 100 mg/L. This

Where, O, and O, were the Pb(I) adsorption capacity at
any time ¢ (min) and equilibrium, respectively. &, k>, and k3
were the rate constants for models of Pseudo-First-Order,
Pseudo-Second-Order, and Weber-Morris Intra-Particle
Diffusion, respectively. C is the constant for Weber-Morris
Intra-Particle Diffusion model.

Pseudo-second-order kinetic model provides the best fit to
the experimental data with average R* of 0.997 over Pseudo-
First-Order model with average R* of 0.994 shown in Fig.
5(a). Therefore, Pseudo-Second-Order Model is more accu-
rate to describe the adsorption process which is the second-
order chemisorption (Senthil Kumar et al. 2011; Anitha et al.
2015). The calculated value of Q, (Table 1) based on Pseudo-
Second-Order Model at three different initial concentrations
was 58.77, 71.91, and 82.20 mg/g, respectively, which was
closer to the experimental O, value than that of other models
(Riahi et al. 2017; Kaveeshwar et al. 2018).

The Weber Morris Intra-Particle Diffusion Model was also
tested to provide more understanding of the adsorption mech-
anism and rate controlling steps affecting the kinetics (Qiu
et al. 2009). As shown in Fig. 5(b), none of the three lines
pass through the origin indicating that the adsorption of Pb(Il)

Fig. 5 a Non-linear kinetic (b) e
models; b Weber Morris 80 75E .-
o - Z 3
Diffusion Model oL 701 /
65 a
60 |-
60
290F S 55k
E
Eawf x somoL = sof
[¢] ¢ 100 mgiL c
30 - —— Pseudo-Second-Order 60 mg/L sr
—— Pseudo-Second-Order 80 mg/L L
20 |- Pseudo-Second-Order 100 mg/L 49 = sg mg/L
- - = Pseudo-First-Order 60 mg/L sl a4 80 mg/L
10 - - = Pseudo-First-Order 80 mg/L + 100 mg/L
Pseudo-First-Order 100 mg/L 30 pe
of &
" : ) ) ; 25 L L L L . )
0 10 20 20 40 1.0 1.5 1/22‘0 ] 25 30 35
t(min) t'"€ (min"?)

@ Springer



Environ Sci Pollut Res (2020) 27:23616-23630 23623
Table 1 Summary of constants of
adsorption kinetics models for Models Parameters Initial concentration in mg/L
Pb(II) removal
60 80 100
Pseudo-First-Order K, (min™") 0.72 0.69 0.78
0. (mg/g) 54.38 66.35 76.78
R 0.995 0.992 0.996
O(exp) (Mg/2) 56.06 68.82 77.8
Pseudo-Second-Order K5 (g/mg.min) 0.019 0.015 0.016
0. (mg/g) 58.77 7191 82.2
R? 0.997 0.998 0.997
Weber Morris Intra-Particle Diffusion K; (mg/g min) 294 36.56 4221
C (mg/g) 3.87 3.27 6.53
R 0.87 0.91 0.92

onto MOMC-NP is a complex process involving surface ad-
sorption, inter-particle diffusion, and intra-particle diffusion
(Dhoble et al. 2011). A similar trend was observed where
the adsorption capacity gradually increased and then flattened
as the process reached equilibrium for three different initial
concentrations. This indicated faster mass transfer through the
boundary layer on the surface of MOMC-NP at the beginning
of adsorption and then the process was controlled by slower
diffusion of adsorbate inside of MOMC-NP (Singh et al.
2012; Solsvik and Jakobsen 2012). The deviation from the
origin may be attributable to the change of diffusion rate in
the initial and final stages of adsorption process (Qiu et al.
2009).

Adsorption isotherm

The adsorption isotherms of Pb(Il) onto MOMC-NP at differ-
ent initial Pb(II) concentrations were investigated at three dif-
ferent temperatures shown in Fig. 6(a). From the results, the
Pb(II) adsorption capacity increased rapidly with the incre-
ment of initial concentrations at the beginning and consecu-
tively trended to the equilibrium (Xu et al. 2018). The equi-
librium Pb(II) adsorption capacity increased with the increase

160 -

of the temperature. The equilibrium Pb(II) adsorption capacity
was 123.48, 130.64, and 136.51 mg/g at the temperature of
298 K, 308 K, and 318 K, respectively. The Langmuir and
Freundlich isotherm models were used to analyze the mecha-
nism of adsorption processes (Belhamdi et al. 2016; Ye et al.
2019; Zhang et al. 2019). The equations were shown below.

K;C,
Langmuir : Q, = 1Q17KLLC¢ (7)
Freundlich : O, = K C!/" (8)

Where, Q. is the adsorption capacity at equilibrium (mg/g);
C. is the concentration of Pb(II) solution at equilibrium (mg/
L); O, 1s the maximum monolayer adsorption capacity (mg/
g); K is the Langmuir adsorption constant (L/mg); and K is
the Freundlich adsorption isotherm constant (mg/g) (L/mg)l/ n
The term 1/n indicates that the heterogeneity of the data dis-
tribution of energetic centers and is related to the magnitude of
the adsorption driving force.

The obtained experimental data was fitted to adsorption
isotherm models, namely Langmuir and Freundlich, which
are shown in Fig. 6(a) and the parameters of two models are
presented in Table 2. From the results, the Langmuir isotherm
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model has a better fit to the experimental data with average R
of 0.91 than the Freundlich model with the average R* of
0.79 at three different temperatures. This observations showed
that the adsorption of Pb(II) onto MOMC-NP surface was
monolayer adsorption (Wu et al. 2019; Sarma et al. 2019).
The maximum adsorption capacities calculated from
Langmuir models were 120.6, 123.9, and 131.6 mg/g, which
were very close to experimental results of 123.48, 130.64, and
136.51 mg/g, respectively, at three different temperatures.
This phenomenon confirmed that Langmuir model was more
accurate to describe the monolayer process of Pb(Il) onto
MOMC-NP (Ji et al. 2019; Sun et al. 2019).

Thermodynamic study

Three thermodynamics characters, Gibbs Free Energy of
Adsorption (AG®), the Enthalpy change (AH®), and the
Entropy change (AS°) were studied to explore the adsorption
thermodynamics (Nashine and Tembhurkar 2016; Lima et al.
2019). The linear form of Van’t Hoff was utilized to calculate
the AG®, AH®, and AS° based on the equations listed below.

AG® = AH°~TAS® (9)
AG® = —RTInK (10)
1 K xM ©
K:(OOOX L XM)xC ()
v

Van’t Hoff equation:

AS°  AH°
InK = - 12
R RT (12)
Table 2  Estimated parameters of adsorption isotherm for Pb(Il) on
MOMC-NP
T (K) Isotherm model Parameter Value R?
298 Langmuir K; (L/mg) 0.1 0.94
Ounax (Mg/g) 120.6
Oep (mg/Q) 123.48
Freundlich K (mg/g)L/mg)™ 30 0.80
I/n 0.23
308 Langmuir K; (L/mg) 0.21 0.86
Oinax (Mg/g) 123.9
Oeyp (mg/g) 130.64
Freundlich Kr(mg/g)L/mg)'™  37.76 0.78
I/n 0.21
318 Langmuir K; (L/mg) 0.31 0.92
Ohax (0g/g) 131.6
Oeyp (mglg) 136.51
Freundlich Kr(mg/g)L/mg)™™  43.73 0.78
I/m 0.19

@ Springer

Where, R is the universal constant (8.314 J/mol K); K; is
the Langmuir adsorption constant (L/mg), M is the molecular
weight of Pb(Il) (g/mol), C° is the standard concentration of
Pb(Il) (I mol/L), v is the coefficient of activity
(dimensionless).

The Van’t Hoff plot was plotted with the R* of 0.99 shown
in Fig. 6(b) and the results were calculated shown in Table 3.
The negative values of AG® indicated spontaneous adsorption
of Pb(Il) onto MOMC-NP. The positive value of AH® further
showed that the adsorption of Pb(Il) onto MOMC-NP was
endothermic. The positive AS® was the characteristic of in-
creased randomness at the solid-liquid interface during the
adsorption. The increment of negative value of AG® at higher
temperatures was discernible which implies a greater driving
force for adsorption at high temperature (Crini and Badot
2008).

Activation energy

The activation energy for Pb(II) adsorption on MOMC-NP was

calculated by the Arrhenius equation (Agrawal et al. 2005):
Ea

InK, = InA T (13)

Where k, is the Pseudo-Second-Order rate constant for
adsorption (g/mg min); E, is activation energy in kJ/mol; T
is temperature (K); and R is the gas constant.

Pb(II) adsorption kinetics were implemented at four differ-
ent temperatures in Fig. 7(a) and the activation energy for
Pb(Il) adsorption was found to be 22.09 kJ/mol based on
Arrhenius plot shown in Fig. 7(b). The adsorption capacity
of Pb(Il) increased with the increase of temperature indicating
that the driving force increases during the adsorption process
with the increase of temperature. The experimental O, in-
creased with the increase of temperature, which could be ex-
plained that the endothermic adsorption process contributed
the better adsorption performance at higher temperature. The
type of the adsorption can be categorized by the magnitude of
activation energy. The specificity and involvement of strong
forces are the characteristics of chemisorption which requires
more than 4.2 kJ/mol of activation energy (Manirethan et al.
2018). The activation energy was found as 22.10 kJ/mol, in-
dicating the involvement of chemisorption process.

Table 3 Thermodynamic parameters for Pb(Il) adsorption onto
MOMC-NP

TK) K AG°® (kJ/mol)  AH° (kJ/mol) AS° (J/mol K)
298 16,161.6 ~ —23.988 32.632 190.13

308 25361.28 —25.888

318 369852  —27.788
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Desorption and regeneration study

The disposal of exhausted adsorbents after adsorbing
heavy metals can cause toxic impacts to human health
and environment causing secondary pollution
(Kaveeshwar et al. 2018). Therefore, it is necessary to
recover heavy metals from the spent adsorbents before
disposal. In this study, different concentrations of nitric
acid were used to recover the spent adsorbents.
Figure 7(c) shows the results of the desorption indicat-
ing that the amount of regenerated Pb(II) from the spent
adsorbent was increased with the increase of the nitric
acid concentration. The optimum recovery of 98.3% was
attained at the nitric acid concentration of 0.1 M. To
have further insights into the potential ability of reused
MOMC-NP, five regeneration cycle studies were com-
pleted using 0.1 M nitric acid. The results are shown in
Fig. 7(d), which indicates that the regeneration adsorp-
tion capacity of MOMC-NP decreased with the in-
creased number of regeneration cycles. The regenerated
adsorption capacity of 75.68 mg/g was found after the

first regeneration cycle with a regeneration efficiency of
97.27% compared to the original adsorption capacity of
77.80 mg/g. After the fifth regeneration cycle, the ad-
sorption capacity decreased to 29.55 mg/g which is
37.98% of the original adsorption capacity. This phe-
nomenon is possibly associated with the consecutive
reduction of available activate sites for Pb(II) adsorption
due to incomplete desorption processes.

Comparison of different adsorbents

The comparison of the maximum adsorption capacities
of Pb(Il) on various adsorbents employed in the litera-
ture is listed in Table 4. The adsorption capacities of
Pb(II) vary, mostly due to the different adsorbent struc-
ture and chemical compositions. As shown in Table 4,
the maximum adsorption capacity of Pb(II) onto
MOMC-NP is found to be 77.80 mg/g at the initial
concentration of 100 mg/L which is higher than most
of the other reported materials under the similar
experimental conditions.
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Table 4 Comparison of the maximum adsorption capacity of Pb(I) on various adsorbents reported in the literature

Adsorbents Initial Pb(I) concentration (mg/L) Qumax (Mmg/g)
Modified ordered mesoporous carbons (MOMC-NP) 100 77.8
Activated carbon (pine cone) (Momcilovic et al. 2011) 100 27.53
Turkish kaolinite clay (Sari et al. 2007) 400 31.75
Meranti sawdust (Rafatullah et al. 2009) 200 34.24
Activated carbon (Tamarind wood) (Acharya et al. 2009) 50 43.86
Palm kernel fiber(Ho and Ofomaja 2005) 120 40.20
Bacteria modified activated carbon (Sorbo-Norit) (Rivera-Utrilla et al. 2001) 200 54.10
Granular bentonite composite (Mo et al. 2017) 100 4.6
Fe;04 MNPs (Yadava et al. 1991) 120 36
Modified granular activated carbon (GAC) (XU and LIU 2008) 80 35
Algal waste (Vilar et al. 2005) 300 44
Commercial activated carbon (CAC) (Krishnan et al. 2003) > 100 54.65
Modified peat-resin particles (Sun et al. 2004) 500 47.39
Hydroxyapatite granular activated carbon nanocomposite (C-HAp) (Fernando et al. 2015) 400 9-14

Economic analysis

The economic analysis was performed to evaluate the costs of
MOMC-NP preparation. The cost of each material required to
produce 1 kg product of OMC and MOMC-NP is listed in
Table 5. From Table 5, the total costs of producing 1 kg of
OMC and MOMC-NP were calculated to be $339.47 and
$402.85, respectively. It was observed that the major material
cost contributions were from SBA-15 and sucrose that
accounted for 74.2%, and 20% of the total costs of OMC,
respectively. Similarly, the material cost contributions from
SBA-15, sucrose, phosphoric acid, and nitric acid for
MOMC-NP preparation were accounted for 62.6%, 16.9%,
8.6%, and 7.1% of the total costs of MOMC-NP, respectively.
Due to the good reusability of MOMC-NP, the total costs of
MOMC-NP could be reduced to be $80.57 per kilogram after
5 cycles of regeneration.

Mechanism of Pb(ll) adsorption onto MOMC-NP

Based on the above discussion of the results, the Pb(II)
adsorbed onto MOMC-NP via ion exchange reactions and

hydrogen bonding could be preferably considered as the
key adsorption mechanism. The major functional groups
on the surface of MOMC-NP are phosphate functional
groups, -OH groups, and carboxyl groups, as proven by
FT-IR and XPS spectra. At pH<pH,,., the H" compete
with Pb(II) cations for the exchange sites on the
MOMC-NP. At pH>pH,,., the main Pb(Il) species in so-
lution are Pb** and Pb(OH)*. Therefore, with the incre-
ment of pH value, the Pb(II) species may be absorbed by
a various bonding mechanism such as ion exchange and
hydrogen bonding (Shukla et al. 2002; Ornek et al. 2007).
Therefore, the ion exchange reactions were proposed,
which were shown below, as the dominant mechanism
for the Pb(Il) adsorption on MOMC-NP.

The species of Pb?* and Pb(OH)* exchange hydrogen to
form the electrostatic interaction with the phosphate function-
al groups, OH groups, and carboxyl groups as shown in for-
mulas (14)—(21). These ion exchange formula show that phos-
phate functional groups have a higher affinity towards Pb(Il)
due to the presence of two valid adsorption sites existing in a
single phosphate functional group (formulas (14), (15), (18),
(19)) compared to the one adsorption site existing in a single

Table 5 Cost contributions analysis for OMC and MOMC-NP

Sample SBA-15($)  Sucrose ($)  Phosphoric acid (§)  Nitric acid (§)  Water ($)  Hydrofluoric acid ($)  Total ($/kg of product)
OMC 252.00 68.00 0 0 1.97 17.5 339.47

MOMC-NP  252.00 68.00 34.83 28.55 1.97 17.5 402.85

@ Springer



Environ Sci Pollut Res (2020) 27:23616-23630

23627

OH group and carboxyl functional group (formulas (16), (17),
(20), (21)). This result indicated that the ion exchange reaction
occurred with phosphate functional groups is the dominant
reaction.

The formation of hydrogen bonding is also an efficient
approach for the removal of lead species from the solution.
The hydrogen bonding could be achieved between functional

0
I Il Il
2R—o—p|>—oH + P2t — R—O—T—O<Pb<O—T—O—R +2H"
OH OH HO
(14)
o O

I I
R—0—P—OH + P2 —— R-0—P—0Q + 2H"
OH O—=Pb

(15)

2R—OH + pb>' — > R-O—==Pb=—O-R +2H" (16)
o) 0 R
2 R—/\/ + Pb2+ »O<Pb>0—\< +2H+
OH R (@]
(17)

0
Il |
R—O—p—OH + Pb(OH) "——> R—0—F—0~Pb(OH) + H

OH OH
(18)
0
o) I
I . R—0—P—0—=Pb(OH) .
R=0—f—OH +2PbOoH) ' ——= S +2H
OH i
Pb(OH)

(19)

R-OH + Pb(OH)+—> R-O—==Pb(OH) +H (20)

0 0
R—</ + Pb(OH) " —= R\>—O<Pb(OH) +H

(21)

groups and the Pb(OH)" as shown in formulas (22)—(24). The
results show that the probability of forming the hydrogen
bonding between phosphate functional groups and Pb(OH)"
is higher than OH groups and carboxyl groups due to two
valid adsorption sites existing in a single phosphate functional
group.

Ion exchange:

Hydrogen bonding:
o
i \_o..
R—O—I|3—OH+ Pb(OH) —> R_O_T H
0 0—Pb
OH ~y-
(22)
R\|//°
0 _O..,
H H
2k + pooH)'—= | (23)
OH Oﬁ/O\H‘_«O—Pb
R
T
O-.
- -~
o (24)

2R—OH + Pb(OH) —> } .
(@] _.O—
O, -O—Pb
R

Where, R is the matrix of the MOMC-NP.

Conclusions

The OMC was synthesized by a hard template nanocasting
technique using SBA-15 template. The MOMC-NP was suc-
cessfully synthesized by the nitric acid and phosphoric acid
treatments and characterized to study its application towards
Pb(IT) adsorption from aqueous phase. The Pb(Il) adsorption
depends on the initial concentration, temperature, and pH. The
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adsorption capacity increased with the increment of Pb(Il) initial
concentration and temperature. The optimum value of pH was
5.0 for Pb(Il) adsorption onto MOMC-NP. The adsorption ki-
netics and isotherm results showed that the Pb(II) adsorption
onto MOMC-NP can be expressed perfectly by Pseudo-
Second-Order Model and Langmuir Isotherm Model. The max-
imum adsorption capacity of 77.8 mg/g for Pb(Il) adsorption
onto MOMC-NP was found at 100 mg/L of initial concentra-
tion. Based on the thermodynamic study, the adsorption process
was an endothermic process in nature. The adsorption mecha-
nism was analyzed in detail, which revealed the ion exchange
reactions and hydrogen bonding formed between phosphate, -
OH, and carboxyl groups, and Pb(II) species. Overall, MOMC-
NP could be applied as a highly efficient and potential adsorbent
for Pb(Il) abatement from aquatic phase.

Future research plan

This study has proved that MOMC-NP could be a novel and
green adsorbent for efficiently adsorptive removal of Pb(II)
from aqueous solutions. Therefore, this novel MOMC-NP
shows true potential for further investigations of purification
in water media. The following plans in the future can be
followed for the adsorptive removal of other heavy metals:
(1) evaluating the adsorption performance for Cd(Il), Ni(Il),
Zinc(II), and Hg(IT) on MOMC-NP in batch mode; (2) inves-
tigating the performance of adsorption competition of multi
heavy metals on MOMC-NP from aqueous solutions; (3)
assessing the adsorption performance for heavy metals on
MOMC-NP from real heavy metals contaminated wastewater.
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