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Abstract: A low-cost alginate-melamine hybrid sorbent (named as Alg-Mel) was designed and
synthesized for the removal of Pb?* from water. The as-prepared Alg-Mel sorbent exhibited high
affinity and selectivity to Pb?*. The selectivity coefficients of the Alg-Mel for Pb?* /Cd?*, Pb?*/Cu?*,
Pb%* /Cr3* and Pb%* /Co?* were all over 7. It is found that the hybrid sorbent could uptake 95.4%
of Pb%* from Pb?*-containing solutions (0.48 mM), and the maximum adsorption capacity for Pb%*
reaches 1.39 mmol/g (287.7 mg/g), which is much higher than that of most reported lead ion-sorbents.
Furthermore, the Alg-Mel can be regenerated by a simple acid-washing process and used repeatedly.
The results of adsorption mechanism analysis reveal that the adsorption of Pb?* by Alg-Mel is mainly
ascribed to the chemical coordination and ion exchange effects.
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1. Introduction

Lead is a non-essential element of the human body [1]. Lead that enters the human body through
the food chain cannot be degraded, and also accumulates in the human body for a long time, thereby
causing damage to the intestinal system and nervous system, resulting in a series of physiological
diseases such as colic, headache, insomnia and convulsions. In addition, lead has greater impacts
on children in their development period. Previous studies have indicated that children are 30 times
more sensitive to lead ion than adults, and excessive lead can severely affect their ability to speak,
to remember and to pay attention [2]. Therefore, it is important to study the removal of lead ions
from water.

Currently, many methods such as ion exchange, chemical precipitation, electrochemistry,
membrane filtration, adsorption and biochemical treatment (bio-adsorption, flocculation, microbial
metabolism) have been employed for the removal of Pb?* from wastewater [3-5]. Among these
methods, the adsorption method has attracted greater attention due to its simple operation, large
processing capacity, can be used repeatedly, and has low-concentration wastewater treatment efficiency
(<10 mg/L). The most widely used adsorbent at present is activated carbon. Activated carbon has
high specific surface area and reaction activity, and therefore it can remove lead ions from water.
However, the high-quality activated carbon has a high preparation cost and its regeneration process is
cumbersome, which limit the large-scale production and applications of activated carbon.

Over the past decade, many low-cost lead ion adsorbents have been developed to replace activated
carbon [6-8], such as clay minerals, zeolites, chitosan and its derivatives, industrial waste and so on.
However, these adsorbents often have one or more of the following deficiencies in the application
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process, for example: (1) less binding sites (functional groups such as -COOH, -NH,, -OH, -COO,
-CHO, etc.) on the surface of adsorbent materials, and a longer time required for adsorption to
reach equilibrium; (2) low adsorption capacity for Pb?* ions due to a small specific surface area;
(3) the adsorbent is a powder material and is not easy to recollect and recycle; (4) the stability is not
high. The morphology and adsorption performance of adsorbent decrease rapidly after repeated
use; (5) the preparation or modification process is more complicated, and organic solvents (such as
toluene, ethanol, etc.) are usually used. To overcome these disadvantages of traditional adsorbents,
the macroscopic porous monolithic adsorbents are highly desired.

In our previous study, we used biocompatible sodium alginate as a raw material to prepare a
green and efficient calcium alginate aerogel (CAA) by a simple one-step gel method and vacuum
freeze-drying technique [9]. The fabricated CAA sorbent could uptake 96.4% of lead ions from
Pb%*-containing solutions (1.5 nmol/L). The maximum adsorption capacity for lead ions was
390.7 mg/g. However, after repeated use, the adsorption performance and morphology of CAA
changed greatly. In order to solve this problem, in this work, the chemically stable melamine is
modified on the surface of CAA to improve the physical and chemical properties of the aerogel.
In addition, to the best of our knowledge, there have been no reports on the adsorption of Pb%* by
combined melamine and sodium alginate. The physical and chemical properties (such as adsorption
ability and capacity, selectivity, etc.) of the synthetic alginate-melamine hybrid sorbent (Alg-Mel) are
also evaluated by scanning electron microscopy (SEM), infrared spectrometry and inductively coupled
plasma-optical emission spectrometry (ICP-OES).

2. Experiment

2.1. Materials

Melamine, sodium alginate, inorganic acids, 2-morpholinoethanesulfonic acid (MES),
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide = hydrochloride ~ (EDC), metal nitrate,
N-hydroxysuccinimide (NHS) and other reagents were bought from Shanghai Aladdin Biochemical
Technology Co., Ltd., Shanghai, China. All reagents are of analytical grade and used without further
purification. All aqueous solutions were prepared with distilled water. The pH value of solutions is
adjusted by 1.0 M HNOj3 or NaOH solution.

The tap water samples were collected from the tap of the laboratory and used directly. The river
water samples were taken from the Anqing section of Changjiang River using a clean glass bottle
and were allowed to stand for 12 h to precipitate the sediment before use. Battery plant wastewater
samples were collected from the wastewater pool of Anhui Xungi Power Technology Co., Ltd. Anging,
China, and used directly.

2.2. Instruments

The digital photo of the Alg-Mel sorbent was taken by an iPhone 6S camera, and the morphology
and surface structure of the Alg-Mel were recorded on a SEM (Hitachi S-4800, Tokyo, Japan). Infrared
spectra of samples were obtained from an infrared spectrometer (Nicolet 6700, Waltham, MA, USA).
The carbon, hydrogen and nitrogen content of the Alg-Mel was analyzed by an elemental analyzer
(Perkin-Elmer 2400, Waltham, MA, USA). The metal ions concentration was measured by an ICP-OES
(Perkin-Elmer Optima 8000, Waltham, MA, USA). Each solution sample was determined in parallel
three times and then averaged. The pH value of solutions was measured by an acidity meter
(Leici PHS-3E, Shanghai, China).

2.3. Preparation of Alg-Mel Sorbent

The preparation route of Alg-Mel is illustrated in Figure 1. First, 1.5 g of sodium alginate was
weighed and dissolved in 100 mL of pH 5.5 MES buffer solution. 0.15 g of EDC and 0.12 g of NHS
were then added successively (EDC activates the carboxyl group, NHS acts as a shrinking agent in the
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reaction of carboxyl group and amino group). After stirring for 3 h, 0.5 g of melamine was added and
stirred for another 12 h at room temperature. Then, the mixed solution was dropped into 1000 mL of
0.5 M calcium nitrate solution by using a 10 mL syringe (when the mixed solution was in contact with
the calcium nitrate solution, an oval-shaped hydrogel was formed immediately), and continue stirring
30 min after the completion of the dropping. The solid hydrogel was separated by a decantation
method and washed three times with distilled water. Finally, the hydrogel was immersed in distilled
water and placed into a vacuum freeze-drying instrument, and the final Alg-Mel aerogel sorbent was
obtained after freezing the hydrogel for 3 h at —15 °C and drying under vacuum for 24 h.
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Figure 1. Preparation route of the Alg-Mel.

2.4. Typical Adsorption Process and Desorption Process

In the adsorption experiment, about 100 mg (or 20 mg) of Alg-Mel sorbent was first weighed
and added to 40 mL of 0.48 mM Pb?* solution, stirred at room temperature for 6 h, and then filtered.
The amount of unextracted Pb?* in the filtrate was measured by ICP-OES. The adsorption experiments
of other metal ions were the same as above except that other metal ion solutions were used instead of
the Pb2* solution.

Desorption of Pb?* was performed by mixing Pb?*-loaded Alg-Mel into 40 mL of 0.07 M nitric
acid solution for 1 h. After that, Alg-Mel was separated by decantation and washed with distilled
water for three times. The desorbed Pb?* in the eluent was determined by ICP-OES.

In the regeneration experiment, the Pb?*-loaded Alg-Mel was first immersed into 40 mL of 0.07 M
nitric acid solution for 1 h at room temperature. Then, Alg-Mel was filtered and washed in sequence
with distilled water, 0.001 M Ca(OH), solution and distilled water.
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3. Results and Discussion

3.1. Material Characterization

In order to confirm whether melamine and sodium alginate were successfully linked, we measured
and compared the infrared spectra of sodium alginate, Alg-Mel hybrid and Pb?*-loaded Alg-Mel.
As can be seen in Figure 2, the broad adsorption peak at 3371 cm~! belongs to the vo_ vibration.
The weak adsorption peak at 2919 cm~! was attributed to the aliphatic C-H stretching vibration.
The adsorption peaks at 1591 and 1329 cm ™! belong to C=0 and C-O, respectively [10,11]. When
compared with the infrared spectrum of raw sodium alginate, there is a new adsorption peak of
N-H stretching vibration at 3217 cm ™! in the spectra of Alg-Mel and Pb**-loaded Alg-Mel, which
confirms that melamine was successfully linked with alginate. Moreover, after loading Pb?*, the COO™~
(carboxylate) peak of the Alg-Mel shifted from 1329 to 1294 cm~!, which might be caused by the
coordination of the carboxylate groups with the Pb* [12,13].
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Figure 2. Infrared spectra of (a) raw sodium alginate, (b) Alg-Mel and (c) Alg-Mel loaded Pb%*.

Furthermore, the morphology of Alg-Mel was also characterized by SEM. As shown in Figure 3,
the Alg-Mel is Oval-shaped and owns an uneven surface. On the other hand, the elemental
analysis indicates that the mass percentage of carbon, nitrogen and hydrogen of Alg-Mel is 37.71%,
14.76% and 3.93%, respectively. It indirectly indicates that the Alg-Mel is rich in oxygen, and these
oxygen-containing groups such as -OH, -COO™ are beneficial in increasing the adsorption capacity of
target metal ions.

Figure 3. (a) Digital photo of Alg-Mel; (b) SEM image of Alg-Mel at low magnification; (c) SEM image
of Alg-Mel at high magnification.



Appl. Sci. 2018, 8, 1518 50f 12

3.2. Influence of pH

First, Alg-Mel sorbent (about 100 mg) was added into 40 mL of 0.48 mM the Pb?* solution with
different pH values (range from 1 to 8), stirred at room temperature (25 °C) for 6 h, filtered, and then
the amount of unadsorbed Pb?* in the filtrate was measured by ICP-OES. As shown in Figure 4,
the influence of pH on the adsorption capacity of Alg-Mel can be divided into three stages: (1) when
the pH value of the solution is less than 1, the Alg-Mel can only adsorb less than 25% of Pb?*. This may
be due to the pH value being lower than pHp,c (the pHp,c value of Alg-Mel is 1.83), the surface of
Alg-Mel is positively charged and exhibits electrostatic repulsion towards Pb?*; (2) when the solution
pH in the range of 1-5, the adsorption capacity of Alg-Mel for Pb?* increases rapidly with increasing of
pH. This can be ascribed to the negative surface charge (when the pH value is higher than pHy,.) and
strong chelating groups on the surface of the Alg-Mel; (3) when the solution pH is in the range of 5-8,
the adsorption capacity of Alg-Mel remains stable. On another hand, according to the rule of solubility
product, Pb2* jons (0.48 mM) will start to form Pb(OH), precipitation when the pH value of solution is
greater than 5.74. Therefore, we suggest that the optimal adsorption condition for the Alg-Mel is the
solution pH in the range of 5-5.74. Within this range, neither the amino group is protonated nor Pb?*
ions are precipitated. Therefore, pH 5.0 of the metal solution was chosen for the adsorption experiment
in this study:.
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Figure 4. Effect of pH on Pb?* adsorption of the Alg-Mel. (~100 mg of Alg-Mel was equilibrated with
40 mL of 0.48 mM Pb?* at 25 °C for 6 h).

3.3. Effect of Contact Time and Temperature

The effect of adsorption time on the adsorption capacity of Alg-Mel was also evaluated with
contact time in the range of 0.5-12 h under pH 5.0 at room temperature. It can be seen from Figure 5a
that the adsorption capacity of the Alg-Mel for Pb?* increases with the increasing of contact time
and then remains stable. More than 95% of Pb?* was adsorbed onto the Alg-Mel sorbent within 5 h.
On another hand, when ~20 mg of Alg-Mel was used for treating 40 mL of 0.48 mM Pb?* solution,
it took more than 12 h for the adsorption to reach equilibrium (Figure 5b).
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Figure 5. Effect of contact time on Pb2+ adsorption of the Alg-Mel. (~100 mg (a) and ~20 mg (b) of
Alg-Mel was equilibrated with 40 mL of 0.48 mM Pb?* at pH 5.0 and 25 °C, respectively).

Furthermore, the influence of ambient temperature on adsorption abilities of the Alg-Mel was
also studied. It can be seen from Figure 6 that the adsorption ability of the Alg-Mel for Pb?* increases
slowly with the ambient temperature rose from 20 °C to 45 °C, which indicates that the adsorption
process is an endothermic process.
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Figure 6. Effect of temperature on Pb%+ adsorption of the Alg-Mel. (~100 mg (a) and ~20 mg (b) of
Alg-Mel was equilibrated with 40 mL of 0.48 mM Pb?* at 25 °C and pH 5.0 for 6 h, respectively).

3.4. Adsorption Ability and Selectivity

The adsorption abilities of the Alg-Mel for heavy metals such as Pb?*, Cd?*, Cu?*, Co?* and
Cr?* ions were also studied, and the results are listed in Table 1 (In an adsorption test, 100 mg of
Alg-Mel was equilibrated with 40 mL of metal ions-containing solution at 25 °C for 6 h, and then
filtered. The unextracted metal ions in the filtrate was measured by ICP-OES). As can be seen in
Table 1, the Alg-Mel sorbent shows high affinity to Pb>*, Cd?*, Cu?* and Cr>*. It can uptake 95.4% of
Pb?*, 50.2% of Cd?*, 59.3% of Cu?* and 67.0% of Cr>* from the corresponding solution, respectively.
This may be ascribed to the coordination of the amino and carboxyl groups on the Alg-Mel with the
heavy metals. Furthermore, the results of the competitive adsorption test indicate that the Alg-Mel
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sorbent has higher adsorption capacity and selectivity to Pb?*. The selectivity coefficient (k) values
for Pb%* /Cd?*, Pb%* /Cu?*, Pb%* /Cr3*, and Pb%* /Co?* are all over 7, which can be attributed to the
similar hydrated radius of Pb®* (0.40 nm) and Ca?* (0.41 nm) and the higher binding energy of the
carboxyl group with Pb?* than other metal ions [9,14].

Table 1. Adsorption abilities of Alg-Mel for various metal ions.

Alg-Mel Initial Solution (mM) Adsorption (%) Capacity (mmol/g) Ky k
0.48 (Pb2*) - 95.4 - 0.18 - 8.2 - -
0.89 (Cd?*) - 50.2 - 0.18 - 0.4 - -
1.57 (Cu2*) - 59.3 - 0.36 - 0.6 - -
Pure water 1.92 (Cr3*) - 67.0 - 0.49 - 0.8 - -
samples 1.70 (Co?**) - 29.1 - 0.19 - 02 - -
0.48 (Pb%*)  1.57 (Cu?*) 84.9 12.6 0.16 0.08 22 006 392
0.48 (PbZ*)  0.89 (Cd?*) 82.4 37.7 0.16 0.13 1.8 024 7.7
0.48 (Pb%*)  1.92 (Cr®) 77.4 29.6 0.15 0.22 1.3 016 8.1
0.48 (Pb2*)  1.70 (Co?*) 94.5 14.7 0.17 0.10 66 007 995
Tap water sample ! 0.48 (Pb*) - 94.1 - 0.17 - 6.0 - -
River water sample  0.48 (Pb%*) - 90.7 - 0.17 - 3.7 - -
Battery plant 0.08 (Pb%*)  0.05(Cd>)  95.1 466 0.03 001 74 033 24
wastewater

! Tap and River water samples spiked with standard Pb?*.

The percentage of adsorbed metal ions (Adsorption%), adsorption capacity (Capacity), selectivity
coefficient (k) and distribution coefficient (K4) of Alg-Mel for Pb?* were calculated as follows:

Adsorption® = <~ 100%Capacity — =~ <r) X 004
Sorp 10N70 = T X () apaCI y —_— T
Ko — (Ci — Cf) x 0.04 L Ky (Pb2+)
47 CsW ~ Ky(metal ion)

where C; represents the initial concentration of the metal ions in solution (mM), Cr represents the
final concentration of the metal ions in solution (mM). M represents the molar mass of metal ion,
W represents the mass of Alg-Mel sorbent (g). K; represents the distribution coefficient (L/g), and k
represents the selectivity coefficient.

3.5. Maximum Adsorption Capacity for Pb**

The maximum adsorption capacity is the most important characteristic of a adsorbent,
which determines the economics and practicability of the adsorbent. In order to measure the maximum
adsorption capacity of the designed sorbent, 100 mg of Alg-Mel sorbent was weighed and added
into 40 mL of Pb?*-containing solution with concentrations ranging from 0.24 to 10.14 mM for 6 h.
As shown in Figure 7, the adsorption capacity of Alg-Mel increases with the initial concentration
from 0.24 to 4.34 mM, and then remains stable as the concentration increases further. Therefore,
the maximum adsorption capacity for Pb>* was calculated to be 1.39 mmol/g (287.7 mg/g), which is
much higher than that of most reported lead ion-sorbents (Table 2) [15-30].
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Figure 7. (a) Maximum adsorption capacity of Alg-Mel for Pb?*, (b) adsorption efficiency of the

Alg-Mel in different concentration of Pb?* solution. (~100 mg of Alg-Mel was equilibrated with 40 mL
of Pb?* solution at 25 °C and pH 5.0 for 6 h).

Table 2. Comparison of the adsorption capacity of various sorbents towards Pb?*.

Maximum Adsorption

Adsorbent Target Heavy Metals Capacity (mg/g) Reference
Alginate-melamine hybrid Pb%* 287.7 Our work
Polydopamine microspheres Pb%* 165.8 [15]
y-Fe, 03 nanoparticles Cu?*, Pb%* 34.0 (Cu?*), 69.0 (Pb%*) [16]
Fe304 nanoparticles Cro*, P2+ 41.5 (Cr®+), 96.8 (Pb2*) [17]
Magnetic chitosan/graphene oxide o4
imprinted Pb%* Pb 790 [18]
Amino functionalized mesoporous silica Cd?*, Pb2* 18.3 (Cd%*), 57.7 (Pb2*) [19]
Alginate-SBA-15 composite Pb%* 222.2 [20]
Longan shell Pb%* 51.5 (Pb2*) [21]
Silica modified calcium alginate-xanthan 0
gum hybrid bead composite Pb 189 [22]
. . 120.8 (Cd?*), 115.0
2+ 2+ 2+ ’
Soy protein hollow microspheres Cd**, Cu*t, Pb (Cu2*), 235.6 (Pb>*) [23]
Biochar-alginate capsule Pb%* 263.2 [24]
Pb?* jon imprinted polymers Pb* 8.35 [25]
Actlva.ted carbon—ca}cmm Pb2* 15.7 [26]
alginate composite
Magnetic alginate beads Pb%* 50 [27]
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Table 2. Cont.

Maximum Adsorption

Adsorbent Target Heavy Metals Capacity (mg/g) Reference
Polyving alcohol/polyacrylic acid double Cd2*, Pb2+ 115.9 (Cd2+), 195.0 (Pb2*) [25]
network gel
Modified mesoporous SiO; Pb%* 147.5 [29]
Chitosan coated calcium alginate Pb2* 106.9 [30]

3.6. Adsorption Mechanism

To reveal the adsorption mechanism of the Alg-Mel, we also monitored the changes in Ca?* and
Pb?* concentrations in the adsorption process. The ICP-OES analysis indicated that the concentration
of Ca®* increased with the reaction proceeded and the concentration of Pb?* decreased gradually.
However, after the adsorption, the mole mass of the adsorbed Pb?* ions became greater than that of
the desorbed Ca?* ions, indicating that the ion exchange is not the only adsorption mechanism in the
whole process. By combined with the COO~ (carboxylate) peak of the Alg-Mel shifted after the Pb?*
adsorption (the carboxylate peak of the Alg-Mel shifted from 1329 to 1294 cm~!), which might be
caused by the coordination of the carboxylate groups with the Pb?*. Thus, we proposed a possible
adsorption mechanism as depicted in Figure 8.

H,N NH,

\V&‘\_/
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0 \\
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Figure 8. Possible binding mechanisms of Alg-Mel with Pb?*.
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3.7. Reusability and Applications

Different stripping agents such as CH;COOH, HNO; and HCl were used to desorb Pb?* from the
Pb?*-loaded Alg-Mel. It can be seen from Table 3 that 0.07 M HNOj3 is more effective for desorbing
Pb2* from the Pb?*-loaded sorbent, in which more than 96% of adsorbed Pb?* could be desorbed from

the Pb?*-loaded Alg-Mel within a single wash. Therefore, 0.07 M of HNO; solution was selected as the
stripping agent in this research.

Table 3. Effect of stripping agents on Pb?* recovery !.

Stripping Agent Concentration (M)  Pb2* Recovery (%)

CH;COOH 0.07 67.7
CH;COOH 0.02 32.8
HCI 0.07 935
HCl 0.02 81.0
HNO; 0.07 96.3
HNO; 0.02 85.7

1 ~100 mg of Alg-Mel and 40 mL of stripping agent were used in each desorption test.

In order to evaluate the recyclability of the sorbent, the same Alg-Mel sorbent was used to uptake
Pb?* through ten adsorbing-desorbing cycles. As shown in Figure 9, the adsorption ability of the
Alg-Mel remains stable in ten cycles. It can remove 93% + 3% of Pb?* from the Pb?*-containing
solution, and its shape does not change much after recycling (Figure 10). These finding indicates

that the as-prepared Alg-Mel sorbent possesses high chemical and mechanical stability as well as
high recyclability.

100 +

Adsorption (%)
L a oL
[—] [— (—]

(]
=]
1

Cycles

Figure 9. Adsorption ability of the Alg-Mel in ten adsorbing-desorbing cycles.

Figure 10. Images of the Alg-Mel (a) before adsorption and (b) after recycling ten times.
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4. Conclusions

In this work, a highly efficient alginate-melamine hybrid sorbent (Alg-Mel) was designed and
fabricated for removing Pb?* from Pb?*-containing wastewater. The as-prepared Alg-Mel exhibited
high affinity and selectivity towards Pb?*, it could adsorb 95.4% of Pb?* in aqueous solution, and the
maximum adsorption capacity for Pb?* reached 287.7 mg/g, which is much higher than that of
most reported lead ion-sorbents. Moreover, the application results in natural water samples are also
satisfactory. The results of adsorption mechanism analysis indicated that Alg-Mel adsorb the heavy
metals mainly by the chemical coordination and ion exchange effects. The low-cost raw materials,
simple synthesis process, efficient adsorption ability and high recyclability mean that the synthetic
Alg-Mel sorbent has great potential in the treatment of Pb?*-containing wastewater.
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