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Abstract
The novel nano-flocculants were synthesized through a conjugation of dodecylamine with partly oxidized sodium alginate. The
structures of the flocculants were characterized by FTIR, 1HNMR, TGA, and EA. The flocculants possessed amphiphilic struc-
tures and formed nano-micelles through self-assembly in water. The nano-micelles showed rod-like shapes about 100 nm.
Removal rates of the flocculants for Pb2+ and bisphenol Awere determined under different conditions, showing the removal rates
as high as 97.20% and 88.66% for Pb2+ and bisphenol A, respectively. The flocculation mechanisms were revealed by X-ray
photoelectron spectroscopy (XPS) and scanning electron microscope (SEM), respectively. Isotherm adsorption studies indicated
that the flocculation for Pb2+ accorded with the Langmuir single-layer adsorption model, and for bisphenol A accorded with the
Freundlichmulti-layer adsorptionmodel. The quasi-second-order kinetic model was suitable for describing the adsorption kinetics.
The new nano-flocculant was a promising agent for removing both heavy metal ions and organic pollutants of wastewater.
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Introduction

There are different pollutants in wastewater, including heavy
metal ions and inorganic and organic substances. Due to the
toxicity and non-excretory, Pb2+ is easy to accumulate in hu-
man bodies and causes serious diseases (Li et al. 2015; Zhang
et al. 2012). Bisphenol A (BPA) is an endocrine-disrupting
organic compound which can affect many aspects of physio-
logical metabolism in human bodies. The content of BPA in
the environment increased dramatically because of its wide
application in the production of various plastic products
(Bhatnagar and Anastopoulos 2017; Melcer and Klečka 2011).

The common methods for wastewater treatment include
chemical precipitation, ion exchange, membrane separation,
adsorption, and flocculation (Aljuboori et al. 2015; Fu and
Wang 2011; Lee et al. 2014; Singh et al. 2013; Yang et al.
2015). But there were some drawbacks in these methods. For
example, ion exchange resin was not suitable for wastewater
with highly concentrated heavy metal ions; chemical precipi-
tation needed a lot of chemical regents and produced
undegradable sludge; membrane filtration were highly costly
and complex in water treatment process; post-processing in
adsorbents might be highly expensive and often produced
secondary pollutions.

Small molecular organic pollutants are difficult to remove
in water treatment. Xie et al. (2018) prepared a new supramo-
lecular adsorbent with hydrophobic pores through self-
assembly of helical aromatic amphiphilic molecules. It had a
good removal effect on ethinyl estradiol and bisphenol A.
However, the preparation was complex, and toxic copper
catalyst was needed in the preparation. Aziz et al. (2018) re-
ported that they treated the pollutants bisphenol A and 4-di-
tert-butylphenol in landfill leach using locust bean gum as a
flocculant. The flocculation effect was better than alum, main-
ly because the flocs produced by locust bean gum had rough
cloudy surface and numerous pores. But this flocculant was
only be used to pretreat wastewater before deeper treatment.
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Zhang et al. (2019) reported a processable poly-lipoic ester-
based material which had amphiphilic functional groups and
had excellent removal efficiency for organic pollutants such as
bisphenol A, but this material was only suitable for treating
BPAwastewater with high chemical oxygen demand, and the
application was limited.

Zeng et al. proposed a micelle-enhanced ultrafiltration
(MEUF) method to separate pollutants from water (Zeng
et al. 2008). Although MEUF could remove metal ions and
organic compounds from water, there were disadvantages
such as membrane blockage, complex operation, and high
energy consumption. Talens et al. used adsorptive micellar
flocculation (AMF) to remove complex pollutants in waste-
water (Porras-Rodriguez and Talens-Alesson 1999; Talens
et al. 1998). They used micelles based on sodium dodecyl
sulfate to solubilize organic pollutants in water, and then ap-
plied aluminum and iron ions to combine with anions to form
flocculating precipitation for removing pollutants. Talens-
Alesson et al. (2010) employed the AMF method to treat
phenol containing wastewater, but this method was easy to
form residues which caused secondary pollution.

To solve the problems of current methods in water treat-
ment, in this work, we have developed a new kind of nano-
flocculants through a conjugation of dodecylamine (DC) with
modified sodium alginate. Sodium alginate is a kind of natural
macromolecule with abundant sources. It is a degradable, non-
toxic, and harmless environment-friendly material (Augst
et al. 2006; Lee and Mooney 2012; Pawar and Edgar 2012).
Dodecylamine contains hydrophobic carbon chains, and algi-
nate contains hydrophilic sugar rings carrying carboxyl and
hydroxyl groups. The conjugation of DC with SA forms am-
phiphilic polymers and produces nano-micelles through self-
assembly in water. It was expected that this novel flocculants
can remove heavy metal ions and organic substances simulta-
neously. The synthetic conditions, characterizations, floccula-
tion behavior for Pb2+ and bisphenol A, and flocculation
mechanisms have been investigated. The nano-flocculants
demonstrate the advantages such as mild conditions of prepa-
ration, low cost, high removal rates for multiple pollutants,
and easy post-processing. To our knowledge, this research
has not been reported in literatures.

Experimental and methods

Materials

Sodium alginate (SA, viscosity ≥ 0.02 Pa s in an aqueous
solution of 1.0 wt%, 25 °C), dodecylamine (DC), Pb(NO3)2,
NaIO4, HCl, NaOH, and anhydrous ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd.; bisphenol A
(BPA, 98%) was purchased from Damas-beta Company. All

the materials were of analytical grade and were used as re-
ceived without further purification.

Preparation of nano-flocculants (SADC)

Based on a reported method (Balakrishnan et al. 2005), in a
glass flask, 4.95 g of SA (0.025 mol) powder was added into
50 mL anhydrous ethanol under magnetic stirring. Then, 50
mL of aqueous solution containing 0.015 mol NaIO4 was
added to the solution. The reaction was carried out at room
temperature for 6 h, and 5 mL ethylene glycol was added to
terminate the reaction; the partly oxidized sodium alginate was
obtained after filtration, washing with 70% ethanol and drying.

The oxidized sodium alginate was dissolved in 120 mL
deionized water, 4.68 g DC was slowly added to the solution,
and the reactionwas carried out under stirring at 50 °C for 12 h.
After stopping the reaction and cooling to room temperature,
0.82 g NaBH4was added in three batches, and the reactionwas
continued for additional 12 h. Anhydrous ethanol was added in
a ratio of 1:4 (v:v) for precipitating the product at 4 °C for 8 h.
The final flocculants were attained after freeze-drying.

Characterizations of the flocculants SADC

The Fourier transform infrared (FTIR) spectra were carried
out with attenuated total reflectance method scanning in a
range of 400–4000 cm−1(ATR-FTIR, Nicolet 6700, USA).
The 1HNMR was recorded on a nuclear magnetic resonance
instrument (Bruker AVANCE III HD 400 MHz). Thermal
analysis was performed on a thermogravimetric analysis in-
strument (TGA/SDTA 851e Mettler Toledo, 1100SF,
Switzerland; nitrogen atmosphere flow rate 50 mL/min,
heating rate 10 °C/min; temperature 25~600 °C). Elemental
analyzer (Vario III Elementar, Germany) was used to analyze
contents of the elements. The electron binding energy changes
of the flocculants and Pb2+ before and after flocculation were
determined by X-ray photoelectron spectroscopy (XPS;
Kratos Analytical, AXIS SUPRA). Scanning electron micro-
scope (SEM; Hitachi, S-4800) was used to observe the mor-
phology of flocculant before and after flocculation.

Flocculation property of SADC

The flocculant SADC aqueous solution (wt, 1%) was prepared
by dissolving it in deionized water. Lead ion (Pb2+) solution
with a concentration of 1000mg/Lwas prepared by dissolving
Pb(NO3)2 in deionized water. Bisphenol A (BPA) solutions
with various concentrations were prepared. The pH could be
adjusted using 1 mol/L NaOH and 1 mol/L HCl solutions. All
flocculation experiments were carried out on a temperature-
controlled rotary shaker (Model DKY-I, Shanghai Duke
Automation Equipment Co. Ltd., China). Briefly, a certain
amount of flocculant solution was added into a wastewater
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solution; the mixture was rocked for 30 min at a speed of 110
r/min. In the flocculation for BPA, CaCl2 was added as a
coagulant using the same amount of mass as the flocculant,
with continuous stirring for 60 min. The products were kept
motionless for 30 min, yielding to flocculate precipitate; then,
the precipitate was filtered. The concentration of the Pb2+ in
the solution was measured by atomic absorption spectropho-
tometry (Brookhaven Company, SpectrAA-220/220Z, USA),
and the concentration of BPA was measured by spectropho-
tometry (Shimadzu UV-2300) (Cao et al. 2014). The removal
rate (Rr) of Pb2+ or BPA was calculated by the following
formula (Mallampati and Valiyaveettil 2013):

Rr %ð Þ ¼ C0−C
C0

� 100 ð1Þ

where C0 and C were concentrations (mg/L) of Pb2+ (or BPA)
before and after flocculation, respectively.

Results and discussion

Preparation of SADC nano-flocculants

The preparation was carried out in two steps: firstly, the sugar
rings of alginate were partly oxidized to produce aldehyde
groups at the presence of NaIO4. The oxidation degree was
20%. Then, dodecylamine (DC) was conjugated with SA
through a nucleophilic addition reaction between aldehyde
groups and amino groups; next, the newly formed C=N bond
was converted to CH-NH at the presence of NaBH4. The algi-
nate modified by DC possessed amphiphilic structures with
hydrophobic DC chains and hydrophilic sugar rings. The am-
phiphilic polymers would form nano-micelles through self-
assembly in aqueous solutions. The scheme is shown in Fig. 1.

Elemental analysis

Three samples of nano-alginate flocculants (SADC-1, SADC-
2, SADC-3) with different components were obtained by
changing the dosage of DC. Elemental analysis results are

shown in Table 1. It was observed that the modified alginate
flocculants contained nitrogen elements, indicating that DC
was successfully conjugated with SA. The conjugated rate
(CR) was defined as follows:

CR %ð Þ ¼ m1−m0ð Þ=m0 � 100 ð2Þ
wherem0 andm1 were the weights of alginate before and after
conjugation with DC. Table 1 shows that the N percentage and
conjugation rate (CR) increased with the increase of DC
dosage.

FTIR of the flocculants

Total reflection Fourier transform infrared spectra of the floccu-
lants are presented in Fig. 2. The peak at 3265 cm−1 was the
superposition peak of –OHand –NH; the peak at 1602 cm−1 was
the stretch of –C=O. Compared with the infrared spectrum of
SA, the new absorption peaks at 2922 cm−1 and 2850 cm−1

appeared in SADC, which belonged to the characteristic absorp-
tion peaks of –CH3 group; the new peak at 1463 cm−1 belonged
to the bending vibration of –CH2, while the new peak at 720
cm−1 was ascribed to the bending of –NH plane. The FTIR
spectra proved that DC was successfully introduced to the SA
chain. The coexistence of carboxylic acid groups and alkyl long
chain indicated that SADC was a new flocculant (Hebeish et al.
2010). Unlike to literatures, we use dodecylamine with long-
chain hydrophobic group to modify sodium alginate. The mod-
ified flocculant not only has hydrophilic carboxylic acid group,
but also has hydrophobic long-chain alkyl group, forming an
amphiphilic structure, so it is a new type of flocculant.

1HNMR of the flocculants

The 1HNMR spectra of the flocculants are shown in Fig. 3.
Compared with the 1HNMR spectra of SA and DC, all the
chemical shift peaks in SA and DC appeared in the SADC
spectra, which evidenced that DC was introduced into SA,
leading to the formation of conjugated polymers SADC. The
detailed chemical shift ascription for different protons is indi-
cated in Fig. 3.

Fig. 1 Preparation of modified
alginate nano-flocculants
(SADC)
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Thermogravimetric analysis

The thermogravimetric analysis (Fig. 4) showed the structure
change from SA to SADC. The SA lost weight 13% in the
temperature range of 25~109 °C, and the weight loss
corresponded to the loss of bound water. After a period of
stable temperature range, the SA lost weight rapidly in the
temperature range of 230~280 °C, which was mainly ascribed
to the thermal decomposition of SA. However, the weight of
SADC remained stable in the temperature range of 25~109
°C, indicating that SADC samples had a very little water con-
tent and good thermal stability in this temperature range. In the
temperature range of 109~210 °C, the SADC slowly lost
weight 10%; then, the rapid weight loss began and stopped
at 504 °C. The thermogravimetric curves revealed that SADC
had a better thermal stability than SA due to the modification
(Kumar et al. 2015).

Flocculation properties

The removal rates of the flocculants for heavy metal ions and
organic substances were measured using Pb2+ and BPA as
model pollutants, respectively. The results are shown in
Table 2. It was observed that as CR increased from SADC-1
to SADC-3, the removal rate for Pb2+ decreased gradually, but

the removal rate for BPA increased gradually. We explained
that two different mechanisms were involved in the floccula-
tion with the two pollutants. The flocculants adsorbed Pb2+

mainly through a chelation process in which COO− and OH
groups donated electrons and Pb2+ accepted electrons. The
increase of conjugation rate implied that the number of OH
groups in the SADC declined, and the chelation ability was
reduced, resulting in the decrease of removal rate for Pb2+.
However, the flocculants adsorbed organic substance BPA
mainly by hydrophobic interaction between DC chains and
BPA. Therefore, the higher DC content in the flocculant, the
higher removal rate for BPA.

Effect of pH on removal rates

The results of pH effect on the removal rates could be seen in
Fig. 5. The removal rates for both Pb2+ and BPA increase
gradually. When the pH value of the solution was greater than

Table 1 Preparation of the DC-conjugated alginate nano-flocculants

No. Sample ID Molar ratio (SAa:DC) Found element CR (%)

C (%) N (%) H (%)

1 SADC-1 1:1.0 40.91 1.86 6.45 31.93

2 SADC-2 1:1.5 42.03 1.92 6.52 35.14

3 SADC-3 1:2.0 52.97 2.25 8.20 44.38

a Structural units in SA

Fig. 2 The FTIR spectra of SA, DC, and flocculants SADC

Fig. 3 The 1HNMR spectra of SA, DC, and flocculants SADC

Fig. 4 Thermogravimetric analysis for SA and flocculants SADC
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6, the heavy metal ion Pb2 + would be hydrolyzed to produce
hydroxide precipitation; and when the pH value of the solu-
tion was greater than 9, BPAwould ionize, affecting the sep-
aration. Therefore, no experiments were carried out at higher
pH values.

The flocculation for Pb2+ was mainly by the chelation of
COOH and OH with heavy metal ions. With the increase of
pH value, the number of COO− groups increased due to de-
protonation, and the electron-donating ability increased,
which resulted in the increase of removal rates. On the other
hand, the flocculation for BPA was through hydrophobic in-
teraction of DC in the nano-micelles. With the increase of pH,
the amino groups in the molecule were converted from NH3

+

to NH2 because of the deprotonation, and the hydrophobicity
of the core was enhanced, leading to the increase of the inter-
action force with the organic molecules, so the removal rates
increased.

Effect of initial concentration on the removal rates

The flocculation was carried out with different initial concen-
trations of Pb2+ and BPA for investigating the effect of initial

concentration on the removal rates. After many attempts, we
determined that the mass ratio of SADC/Pb2+ was 2:1, and
that of SADC/BPAwas 50:1, which were the optimal propor-
tions. We fixed the flocculation time 30 min for Pb2+ and
90 min for BPA, because the flocculation basically reached
equilibrium within these time according to the flocculation
kinetics (Fig. 9). Figure 6 discovers that removal rates for
Pb2+ and BPA increased with the increase of initial concentra-
tions of Pb2+ and BPA. Obviously, in concentrated solutions,
there were more opportunities for the flocculants to contact
with the pollutants, and the flocculants were easier to reach
saturated adsorption; consequently, higher removal rates
would be attained in these cases.

XPS analysis

To study the mechanism of the adsorption process, we mea-
sured the binding energy changes for some atomic orbits of
SADC-3 and Pb2+ before and after flocculation using X-ray
photoelectron spectroscopy. It is known that the binding ener-
gy increases with the loss of electrons and decreases with the
gain of electrons (Trochimczuk and Kolarz 2000; Zhang et al.
2009).

Table 3 shows that the binding energy decreased from
138.97 eV to 137.96 eV in Pb2+-4f7/2 orbit and from
143.89 eV to 142.72 eV in Pb2+-4f5/2 orbit, respectively.
These binding energy decreases indicated that Pb2+ accepted
electrons in the flocculation process. The binding energy
changes in some orbits of Pb2+ before and after flocculation
with SADC-3 are displayed in Fig. 7.

On the other hand, the binding energy of O1s was
530.89 eV in SADC-3, but it increased to 531.37 eV after
flocculation with Pb2+. This increase implied that oxygen

Table 2 Removal rates of the flocculants for Pb2+ and BPA

Sample ID CR (%) Pb2+ (C0, mg/L)a BPA (C0, mg/L)a

100 400 1000 10 40 100

SADC-1 31.9 79.3 94.5 97.2 45.9 55.5 68.1

SADC-2 35.1 73.0 90.9 94.6 58.5 70.1 82.9

SADC-3 44.3 66.7 80.7 85.7 67.6 74.0 88.6

m(SADC):m(Pb2+) = 2:1, m(SADC):m(BPA) = 50:1
aC0 is the initial concentration of Pb

2+ (or BPA)

Fig. 5 Effect of pH on the
removal rates for Pb2+ and
BPA, a: removal rate for Pb2+; b:
removal rate for BPA
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provided electrons in the process. The binding energies of C1s

and N1s changed very little (Table 3), and this meant that the
carbon and nitrogen atoms were not involved in the floccula-
tion process, probably because the carbon and nitrogen atoms
were located in the core of the nano-particle and were inac-
cessible to Pb2+. We could conclude that a stable flocculation
product was formed through the electronic interaction of car-
boxyl and hydroxyl groups with lead ions. The wide spectrum
of binding energies of Pb(NO3)2, SADC-3, and flocculants
with Pb(II) is shown in Supplementary materials Fig. S1.

SEM observation

The modified alginate was amphiphilic and it formed a
nano-particle in aqueous solutions with aggregated DC as
the core and hydrophilic sugar rings as the shell. Figure 8
shows the scanning electron microscope (SEM) images of
the nano-micelles before and after flocculation with BPA.
It was observed that the flocculant formed rod-like mi-
celles with smaller sizes (100 nm) before flocculation;

however, the sizes of micelles became larger after the floc-
culation with BPA, and the shape of nano-micelles also had
some changes. This result proved that BPA molecules en-
tered into hydrophobic region of the nano-micelles, lead-
ing to size increase of the micelles.

Fig. 6 Effect of initial
concentrations of Pb2+ and BPA
on the removal rates, a: removal
rate for Pb2+; b: removal rate for
BPA

Table 3 Binding energy (eV) of SADC-3 before and after flocculation
with Pb2+

Orbit SADC-3 Pb(NO3)2 SADC-3-Pb2+ ΔE

Pb-4f7/2 – 138.97 137.96 − 1.01

Pb-4f5/2 – 143.89 142.72 − 1.17

O1s 530.89 – 531.37 0.48

C1s 284.73 – 284.68 − 0.05

N1s 399.26 – 399.24 − 0.02 Fig. 7 Binding energies of Pb2+ before flocculation (a) and after
flocculation (b)
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Flocculation mechanism

In order to study the flocculation mechanism, two isotherm
adsorption models were used and the results were showed
respectively.

Langmuir adsorption isotherm (Dahiya et al. 2008; Dong
et al. 2011; Feng et al. 2013) is expressed as follows:

Ce

qe
¼ Ce

qm
þ 1

KL � qm
ð3Þ

The basic attribute of Langmuir isotherm could be de-
scribed by a dimensionless parameter RL, which was defined
as:

RL ¼ 1

1þ KL � C0
ð4Þ

Freundlich adsorption isotherm is expressed as follows:

lgqe ¼
lgCe

n
þ lgK F ð5Þ

In the Formulas (3)~(5), C0 and Ce were the initial and
equilibrium concentrations of the pollutant, respectively; qe
and qm were the equilibrium and maximum adsorption capac-
ities, respectively; KL and KF were the Langmuir and
Freundlich constants, respectively.

The content of dodecylamine group in SADC-3 was the
highest among the three samples, and it had a typical amphi-
philic structure, so it was chosen as a representative to carry
out the mechanism and kinetics studies.

The flocculation experiments were carried out at the room
temperature. The initial concentration of Pb2+ was fixed at 500
mg/L, the mass ratio of SADC-3 to Pb2+ was varied in a range
of m(SADC-3):m(Pb2+) = (0.5~2.5):1, and a group of experi-
mental data of qe related to Ce were obtained. In the floccula-
tion experiments for BPA, the initial concentration of BPAwas
fixed at 10mg/L, the mass ratio of SADC-3 to BPAwas varied
in a range of m(SADC-3):m(BPA) = (10~70):1, and the other
procedure was the same as in flocculation experiments for
Pb2+.

The linear regressions were performed based on the exper-
imental data of qe at different Ce; the results are displayed in
Table 4.

According to a theory (Dahiya et al. 2008), when RL = 0, 0
< RL < 1, RL = 1, and RL > 1 in Formula (4), the adsorption is
irreversibly adsorbed, easily adsorbed, linearly adsorbed, and
non-adsorbed, respectively. In this study, we calculated RL

(Pb2+) = 0.0056 and RL (BPA) = 0.0440; the two data were
very close to 0, which meant that Pb2+ or BPAwas adsorbed
by the flocculants nearly irreversible.

In the Freundlich adsorption isotherm, the constant (n) re-
flects adsorption strength. The larger the value (n), the easier
the adsorption. It was inferred that the flocculation for Pb2+ (n
= 49.16) was easier than for BPA (n = 0.460).

According to the correlation coefficients (R2) in Table 4,
the Langmuir adsorption model (R2 = 0.9990 for Pb2+) was
more suitable to describe the mechanism for Pb2+, indicating
that the flocculation process was a single-layer adsorption in
which COO– and OH groups chelated Pb2+, while the
Freundlich adsorption model (R2 = 0.9700 for BPA) was more
suitable to describe the mechanism for BPA, indicating the

Fig. 8 SEM images of the
micelles SADC-3 before (a) and
after (b) flocculation with BPA

Fig. 9 The flocculation kinetics of SADC-3 to BPA,C0(BPA) = 60mg/L,
m(SADC-3) = 50 mg; and SADC-3 to Pb2+, C0(Pb

2+) = 200 mg/L,
m(SADC-3) = 10 mg
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flocculation process was a multi-layer adsorption in which
BPAwas solubilized to the nano-micelles.

Sehaqui et al. modified nano-cellulose and prepared nano-
cellulose flocculant TOCNF containing carboxylic acid
groups (Sehaqui et al. 2014). However, its adsorption capacity
for heavy metals was weaker than that of SADC because the
content of carboxylic acid groups of modified TOCNF was
not high; for example, the adsorption capacity of TOCNF for
Cu2+ was 2.1 mmol g/L, while SADC-3 had an adsorption
capacity of 2.55 mmol/g for Cu2+, because SADC was a
polyanionic flocculant with high content of carboxylic acid
groups. Maatar et al. prepared nano-cellulose flocculant
NFCo containing hydrophobic alkane chains through a mod-
ification (Maatar et al. 2013), which improved the adsorption
capacity to aromatic compound pollutants in water. However,
the preparation process of NFCo was much more complex
than that of SADC, and they are not suitable to deal with
complex wastewater systems.

Cellulose is insoluble in water and organic solvents, and
the functional groups on the molecular chains are not abun-
dant enough, so it is difficult to prepare amphiphilic floccu-
lants from cellulose (Khalil and Aly 2002; Mahfoudhi and
Boufi 2017; Raj et al. 2016; Shak et al. 2018). But SADC
has many advantages, such as simple preparation, low cost,
biodegradability, environment friendly, and wide applications
for treating many pollutants.

Flocculation kinetics

The flocculation speed was studied by measuring flocculation
capacity at different time (Fig. 9). It was clear that the initial
adsorption for Pb2+ was fast; then, the adsorption gradually
slowed down. The equilibrium adsorption was arrived after 20
min. Because the flocculants were uniformly distributed in

aqueous solution and nano-sized micelles possessed huge sur-
face areas, the Pb2+ ions were caught by COO– andOH groups
on the surfaces of the nano-micelles. However, the adsorption
for BPAwas slow and it obtained main adsorption at 90 min
and reached equilibrium adsorption at 4 h. Because BPAwas
only adsorbed by hydrophobic DC chains in the core of the
nano-micelles, the BPA molecules needed to penetrate the
shells of the micelles, resulting in the slow adsorption speed.

Flocculation kinetics were studied using the quasi-first-
order and quasi-second-order kinetics models as follows
(Chiou and Li 2003; Ho and McKay 1999):

ln qe−qtð Þ ¼ lnqe−k1t ð6Þ
t
qt

¼ 1

k2qe2
þ t

qe
ð7Þ

where qe and qt were adsorption capacities at the equilibrium
and time t, respectively; k1 is a quasi-first-order kinetic con-
stants, and k2 is a quasi-second-order kinetic constants. The
parameters were obtained through regression analysis
(Table 5).

According to the correlation coefficients, the quasi-second-
order kinetic model (R2 = 0.9997 for Pb2+ and R2 = 0.9960 for
BPA) was more suitable for describing the adsorption kinetics
than the quasi-first-order model (R2 = 0.8932 for Pb2+ and R2

= 0.9767 for BPA).
It was proposed that three steps were involved in the floc-

culation process: Firstly, the nano-micelles adsorbed pollut-
ants through electrostatic attraction or chelating action,
forming mesh structure polymer; secondly, the mesh structure
polymer caught more pollutants by netting and sweeping ac-
tions, yielding larger particles; finally, the large particles were
converted into solid precipitates after further cohesion and
settlement.

Table 4 Correlation results using
the Langmuir and Freundlich
models for the flocculation of
SADC-3 to Pb2+ and BPA

Pollutant Langmuir constants Freundlich constants

KL (L/mg) qm (mg/g) R2 KF ([mg/g][mg/L] – n) n R2

Pb2+ 0.3559 476.2 0.9990 420.4 49.16 0.9170

BPA 2.174 14.95 0.9060 0.541 0.460 0.9700

Initial concentration: Pb2+ , 500 mg/L, m(SADC-3):m(Pb2+ ) = (0.5~2.5):1; BPA, 10 mg/L, m(SADC-3):m(BPA)
= (10~70):1; 25 °C

Table 5 Regression analyses of
flocculation kinetics with two
models

Pollutant Pseudo-first-order Pseudo-second-order

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

Pb2+ 0.0147 452.86 0.8932 0.01381 450.45 0.9997

BPA 0.0038 21.55 0.9767 0.005718 18.89 0.9960

C0(Pb
2+ ) = 200 mg/L, m(SADC-3) = 10 mg; C0(BPA) = 60 mg/L, m(SADC-3) = 50 mg; 25 °C
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Conclusions

A new kind of nano-flocculants was synthesized through a
conjugation of dodecylamine with partly oxidized sodium al-
ginate. The flocculants had high removal rates for Pb2+ and
bisphenol A. The flocculation mechanisms for Pb2+ were the
chelation of COO− and OH with the metal ions, which was
proved by XPS, and for BPAwas the compatibilization of the
micelles, which was proved by SEM. The flocculation process
accorded with the Langmuir and Freundlich models for Pb2+

and bisphenol A, respectively. The new kind of nano-
flocculants was a promising agent for wastewater purification.
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