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Abstract

This work presents a new and simple approach to prepare Dialdehyde Starch (DAS) in one step under microwave irradia-
tions and using, a mild and safer oxidizing agent, potassium iodate. Aldehyde content was evaluated to compare the
synthesis results with DAS prepared using potassium periodate as an oxidizing agent for starch. To optimize the synthesis
parameters of the new approach, the effect of the quantity of oxidizing agent and the effect of reaction time on the con-
tent of aldehyde in DAS were evaluated. According to the results, the optimized time was 10 min at the power of 300 W,
and the number of moles of oxidizing agent was 0.014 mol per 2 g of starch. After that, DAS was used to prepare two
Schiff bases by reaction with urea (DASU) and thiourea (DASTU), respectively. DAS, DASU and DASTU were characterized
by FTIR, XRD, and SEM. Furthermore, DAS, DASU and DASTU were investigated for removing Cu(ll), Pb(ll), Hg(ll), Cd(l1),
and Cr(lll) ions from water. DAS showed the highest removal efficiency towards Pb(ll) ions, whereas DASTU exhibited
excellent ability for removing the Hg(ll) ions. The removal efficiencies of DAS for Pb(Il) ions and DASTU for Hg(ll) ions are
95.25% and 89.45%, respectively from aqueous solutions containing 100 ppm of respective ions. Adsorption isotherm
study suggests that adsorption follows Langmuir isotherm model, (correlation factors (R?) for Langmuir and Freundlich
models for DAS/Pb are equal to 0.984 and 0.799, respectively, and for DASTU/Hg they are 0.995 and 0.813, respectively).
The theoretical maximum adsorption capacity for DAS/Pb and DASTU/Hg are 245.09 and 180.83 mg/g, respectively.
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1 Introduction pollutants accumulate in water and become larger than
the maximum permissible limits set by the Environmen-

Over the last few decades, the world has confronted a  tal Protection Departments in each country. The impact

serious environmental problem related to the pollution
of water bodies by heavy metal ions and organic pollut-
ants. This problem started to exacerbate as a result of
large activity of industries such as mining, electroplating,
pharmaceutical, fertilizer manufacturing industries, and
others [1, 2]. Toxic wastes that the industries leave behind
(pigments, pesticides, toxic chemicals, ions of heavy met-
als,...) are disposed of in waterways [3, 4]. Over the years,
the concentrations of these toxic metal ions or organic

of these wastes becomes negative on all forms of life in
the ecosystem, especially on human life health, as they
cause serious health issues. Studies conducted in China
and Cambodia showed high concentrations of arsenic and
lead in groundwater [1, 5], and another study conducted
in Pakistan on bottled mineral water containers showed
a concentration of arsenic that exceeded the permissible
limits [6]. Another study conducted on groundwater in the
Kingdom of Saudi Arabia showed that the levels of lead,
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cadmium and copper ions exceeded the permissible limits
as well [7]. It was also reported that the average level of
mercury in certain water bodies, rich with aquatic species
suitable for human consumption, exceeds the maximum
level set by the World Health Organization, 0.002 mg/L
[8]. According to US Environmental Protection guidelines,
arsenic and lead ions in drinking water should be less than
10 parts in billion and 0.08 mg/L respectively, whereas the
highest permissible concentration of copper ions in drink-
ing water is 1.3 mg/L, and for chromium ions is 0.1 mg/L
[1,9, 10l

To overcome this serious problem related to water bod-
ies pollution, an extensive research has been conducted to
investigate novel approaches to remediate polluted water
[2,4,5, 11-13]. In this respect, novel ecofriendly materials
were designed, and their ability to adsorb pollutants was
explored. Polysaccharides borne hydrogels, metal-organic
frameworks, carbon quantum dots and membranes based
on biodegradable polymers are some examples of newly
prepared materials [2, 4, 14-19]. Materials based on starch
derivatives are no exception. They have been prepared and
investigated as potential efficient bio-sorbents [20-23].

Starch is the principal source of dietary calories to the
world’s human population. It has also many chemical
and physical characteristics that set it apart from other
food components and involve it in numerous applica-
tions. Native starch is widely used in foods, textile sizing,
oil field applications, paper, and pharmaceutical industry
[24]. However, starch is not soluble in water and its shear
properties and thermal stability are poor. All these limita-
tions hinder the use of starch in industrial applications.
In order to cope with the above-mentioned constraints,
starch must be modified. The most common techniques
for starch modification include physical, chemical, and
enzyme alterations [25].

Dialdehyde starch (DAS), as one of the main derivatives
of starch, exhibits excellent physical, chemical, and bio-
chemical characteristics such as alkaline solubility, strong
adhesivity, safety, biodegradability [26]. DAS is also used
to prepare stable molecules loaded with anti-cancer drug
(doxorubicin), where this compound showed high efficacy
and good drug release time [27]. In other research, starch
was modified to dialdehyde and used as a crosslinking
agent in collagen-based wound dressing materials [28].

Usually, DAS is prepared by periodate oxidation [29].
Periodic acid is a highly selective oxidizing agent, which
cleaves the C2-C3 linkage of anhydroglucose units with
the formation of dialdehyde groups [30]. However, perio-
dates are known for their high toxicity and irritability to
the skin and eyes [31].

Due to the diversity of DAS potential applications,
intensive research was conducted on the preparation
and characterization of DAS and its derivatives. Almost
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all of the reported preparation methods used sodium
periodate in acidic medium at temperature between 5
and 35 °C for 3-24 h [30, 32-35].

The main objective of the current research is to pre-
pare DAS and two of its Schiff bases DASU and DASTU in
order to explore their capacity as adsorbents for water
remediation processes. To this end, a novel approach to
prepare DAS in one pot under microwave irradiations,
using a mild oxidizer is reported. The novel method saves
time and energy in comparison with conventional ones.
For the first time, potassium iodate, as a mild oxidizing
agent, was used. It is less dangerous and less toxic than
the commonly used oxidizer of starch, sodium periodate
[36]. To the authors’ knowledge, there is no study deal-
ing with the preparation of DAS using a mild oxidizing
agent, such as potassium iodate, under microwave irra-
diation. The characterization of the prepared DAS and its
derivatives will also be presented. The use of DAS, DASU
and DASTU for water treatment is also investigated.

2 Materials and methods
2.1 Chemicals

Starch (GR), Potassium lodate (99.5%), Urea (99%), Thio-
urea (98%), Sulfuric acid (98%), Copper Nitrate (99%),
Cadmium Nitrate (100%), Mercury Nitrate (98%), and
Lead Nitrate (97%) are purchased from Merck. Sodium
Periodate (99.8%) is purchased from Riedel, whereas
Acetone (99.5%), Hydrochloric acid (37%), and Sodium
Hydroxide (99.5-100%) are purchased from Panreac and
Ethanol (99.8%) from Chem-Lab. All chemicals are used
as purchased.

2.2 Preparation of dialdehyde starch (DAS)

A mass of 2.9 g of potassium iodate was dissolved in
50 mL HCI (0.6 mol/L). Then, 2 g of starch was added
and the mixture was stirred for 5 min. The mixture was
treated in a domestic microwave oven at a power of
300 W, and allowed to react for 10 min. A volume of
25 mL of acetone was added to the reactive mixture after
cooling it. Then, the mixture was kept in a refrigerator at
5 °C for 2 h. After that, the obtained DAS was filtered and
washed three times with acetone. Finally, the sample was
kept in a drying oven at 50 °C for 24 h. The same proce-
dure was used, but with sodium periodate, to prepare
the sample (DAS-P) for comparison reasons.
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2.3 Preparation of DAS schiff bases with Urea
(DASU) and thiourea (DASTU)

A mass of 6 g of DAS was dispersed in 70 ml of distilled
water in a flask with a round-bottom which was sub-
merged in a water bath. Then, 2 g of urea was slowly
added into the flask. The mixture was stirred for 4 h at
55 °C. The slurry was filtered and washed with distilled
water and ethanol three times, and the product was then
dried at 50 °C for 24 h. The same procedure was repeated
for the preparation (DASTU) by using thiourea instead
of urea.

2.4 Aldehyde group content (Da%) determination

To determine the (-CHO) group content, the rapid quan-
titative alkali consumption method was used [37]. First,
standardized sodium hydroxide (0.2 mol/L) and sulfuric
acid (0.2 mol/L) solutions were prepared. After that 0.2 g
of DAS powder was added into a 250 mL conical flask,
and 20 mL of standardized sodium hydroxide. Then, the
flask was kept for 4 min in a water bath at 70 °C. After the
mixture was rapidly cooled down, 20 mL of standardized
sulfuric acid, 100 mL of distilled water, and 2 mL of phe-
nolphthalein were added. Finally, the acid solution was
titrated using the standardized sodium hydroxide [38].

GV, —2G,V,

w
m)ﬂOOO

Da% = x 100% )

where C; is the concentration of NaOH (mol/L), C, is the
concentration of H,SO, (mol/L), W is the mass of the used
DAS, V, is the volume of NaOH (mL), V, is the volume of
H,SO, (mL), and 161 represents the average molecular
weight of the repeating unit in DAS [38].

2.5 Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of starch, DAS, DASU, and DASTU were
recorded in the range 500-4000/cm using IR spectro-
photometer (Bruker, Vector 22). The FTIR samples were
prepared by mixing the powder of the sample with an
appropriate amount of KBr powder. Then, the mixture
was grinded to obtain a very fine powder. After that, the
powder was placed in a cylindrical mold, and a compres-
sive force was applied, using a hydraulic press of 5 tons,
to obtain a very thin film.

2.6 X-ray diffractometry (XRD)

A PHILIPS-PW3710XRAY diffractometer was used to
record the XRD patterns of the samples, equipped with

Cu-Ka radiation (A=0.154 nm), operating at 60 kV, and
the range of 20 scan angle was between 10 and 70°.

2.7 Scanning electron microscopy (SEM)

The morphology of the samples was examined using scan-
ning electron microscope VEGA Il TESCAN, SEM instru-
ment. The samples were coated with graphite.

2.8 Adsorption experiments

Adsorption experiments were carried out by batch method
[38], at room temperature to determine the adsorption
capacity (Q) and the percentage of removal efficiency
(R.E.) of each DAS, DASU, and DASTU for Cu(ll), Pb(ll), Hg(ll),
Cd(ll), and Cr(lll).

For each heavy metal ion, an aqueous solution of
100 ppm was prepared. In order to investigate the com-
petitive adsorption of ions, another aqueous solution,
containing all the studied metal ions, at a concentration
of 100 ppm for each ion was also prepared. Then, a mass
0.05 g of DAS or DASU or DASTU was added into 50 cm?
of aqueous solutions containing 100 ppm of each inves-
tigated heavy ion. After stirring for 24 h at a temperature
of 25 °C to make sure that the adsorption process reaches
the equilibrium, the mixture was filtrated, and the final
concentrations of metal ions C, (mg/L) were determined
using Atomic Absorption Spectrophotometer, and the
adsorption capacity (Q) was calculated using Eq. (2), and
the percentage removal efficiency (R.E.) was calculated
using Eq. (3):

(Co—C) -V
S e VA 2
Q(mg/g) - (2)
C,—C
RE% = M x 100% 3)

0

where C, (mg/L) is the initial concentration of the metal
ions in the aqueous solution, C, (mg/L) is the final concen-
tration of the metal ions after the adsorption experiment,
Vis the volume of the aqueous solution (mL), m (g) is the
mass of the adsorbent (DAS, DASU or DASTU).

3 Results and discussions

Dialdehyde starch was prepared using potassium iodate
under microwave irradiation. The oxidation leads to the
cleavage of C2-C3 bonds of anhydrous glucose units.
Then, DAS was further reacted with urea and thiourea
to form Schiff bases (DASU and DASTU) as illustrated in
Scheme 1.
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Scheme 1 Synthesis scheme of
dialdehyde starch urea (DASU)
and dialdehyde starch thiourea
(DASTU) schiff bases
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Table 1 Comparison between the effect of KIO; and NalO, on the
reaction yield

Samples Oxidizing Number of moles  Aldehyde group
agent'OA’ of OA (mol) content Da%

DAS KIO, 0.014 483

0.019 51.2

0.023 51.0
DAS-P NalO, 0.014 58.0

0.019 47.0

0.023 Charred product

3.1 Parameters optimization
3.1.1 Effect of the quantity of oxidizing agent

For comparison reasons, DAS was prepared using either
potassium iodate or sodium periodate as an oxidizing
agent under microwave irradiation. Table 1 shows the
aldehyde group content, and the number of moles of
oxidizing agent. The synthesis was performed under the
following conditions for this set of experiments: mass of
starch was 2 g, power of microwave was 300 W, and reac-
tion time was 10 min.
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From Table 1, it can be observed that aldehyde group
content is greater for DAS-P samples compared with
DAS samples. This result is expected, since periodate
is a more powerful oxidizer. Nevertheless, aldehyde
group contents for all the samples are relatively close.
It is worthy to mention that increasing the quantity of
periodate may result in decreased reaction yield or even
product deterioration. On the contrary, increasing the
quantity of iodate oxidizer enhances the reaction yield
to some extent without deterioration of the product.
This confirms the mild role of iodate as an efficient
starch oxidizer.

3.1.2 Effect of reaction time

Synthesis was performed at different reaction times using
a mass of starch equals to 2 g, number of moles of oxidiz-
ing agent was 0.014 mol, and the power of microwave was
at 300 W. The results are listed in Table 2. Both oxidizing
agents were also used to compare for comparison reasons.

For iodate ions, the aldehyde group content increases
with increasing time from 5 to 10 min. The, it doesn’t
change. This indicates that 10 min is an optimum time for
synthesis. As for periodate ions, an induction time of at
least 5 min is necessary to ignite the reaction. This result
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Table 2 Effect of reaction time

Samples Oxidizing agent Reactiontime  Aldehyde
‘OA (min) group content
Da%
DAS KIO, 5 322
10 483
15 483
DAS-P NalO, 5 No reaction
10 58.0
15 69.2

seems surprising, since periodate is more powerful oxi-
dizer. One could contribute this to a higher activation
energy for the reaction with periodate. However, once the
reaction is initiated, the content of aldehyde groups using
periodate ions is higher than that using iodate ions.

According to the results of the above-mentioned exper-
iments, the optimized DAS will be prepared using the fol-
lowing parameters: reaction time is 10 min at the power
of 300 W, and the number of moles of oxidizing agent is
0.014 mol per 2 g of starch.

3.2 FTIR spectra

The FTIR spectra of starch, DAS, and DAS-P is shown in
Fig. TA. FTIR spectrum of starch showed a band at 1089/
cm is attributed to the stretching vibration for cyclic ether
group of glucose molecule, while the band at 3437/cm
corresponds to stretching vibration of hydroxyl group.
FTIR spectra of DAS-P and DAS show a new peak at
1702/cm and 1683/cm respectively, and it is attributed to
the stretching vibrations of the carbonyl group. This peak
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doesn't appear in the FTIR spectrum of starch. This is an
indicator of the successful synthesis of DAS.

FTIR spectra of DASU and DASTU are exhibited in Fig. 1B,
and show that the peak at 1683/cm of the C=0 groups
disappear and an another peak at 1650/cm appears, and
it is related to stretching vibration of imine groups (C=N).
The characteristics of IR bands are in good match with the
findings reported in scientific literature [39-41].

3.3 XRD patterns

X-ray diffraction patterns of starch and DAS are depicted
in Fig. 2. They show that starch microstructure contains
crystalline and amorphous regions. The positions of XRD
diffraction peak were around 14°, 18° and that refers to
monoclinic (A-type) crystalline structure [42, 43]. The per-
centage of the crystalline structure is decreased after oxi-
dization process, and it is converted into an amorphous
structure. This decrease in crystallinity is also proved by
the increase of the halo of the amorphous phase in the
diffraction pattern.

3.4 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to study
the morphology of the starch and DAS (Fig. 3). The starch
particles are oval-shaped granules and showed smooth
surfaces. After oxidation, DAS particles appeared fibrillary
and had fabric morphology with high specific surface area.
This suggests better adsorption abilities of the DAS.

3.5 Adsorption results

The adsorption capacity of DAS, DASU, and DASTU
for Cu(ll), Pb(Il), Hg(ll), Cd(ll), and Cr(lll) was studied by

Fig. 1 FTIR spectra of: A Starch, DAS and DAS-P, and B DAS, DASTU and DASU
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Fig.2 XRD Patterns of starch
and DAS 200 “
\

1000

300

SN Applied Sciences (2022) 4:133 | https://doi.org/10.1007/s42452-022-05024-w
NADAS !
STARCH
|
I“x |‘ ||
I\
1 U_ A
{00) —| NADADAS ﬁ DAS
B bt i
& |

VEGANTESCAN SEM MAG: 200 Det. BSE
Scan speed: 6 SM: RESOLUTION
Arab European University SEMHV: 30.00 kv

SEM MAG: 200 x Det SE
Scan speed: 6 Sh: RESOLUTION 200 pm
SEM HV: 30.00 KV

N-ALkafri & A Obaid

A

200 pm

Position [*2Theta] (Copper (Cu])

VEGANTESCAN SEM WAG. 2.
Scan spend T
SEM V. 20,00V

-
Arab Europeanunwerswn Msab European u.mmmn

N-ALkafri & A Obaid

B C

N-ALKaTi & A Obaid

Fig.3 SEM micrographs of: A Starch, B and € DAS at two magnification scales

conducting batch adsorption experiments. The results
are listed in Table 3.

The results in Table 3 shows the DAS has a higher abil-
ity for removing the Pb(ll) ions than other ions, while the
DASU and DASTU have excellent ability for removing the
Hg(Il).

In order to simulate real situation, the competitive
adsorption experiments are performed for testing the
adsorption capacity of the previous compounds towards
Pb(ll) and Hg(ll) ions at 100 ppm when they are in aqueous
solution with other heavy metal ions. The results depicted
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in Table 4 showed a good match with the previous results
from the adsorption experiments of each ion being alone
in the aqueous solution. The results also showed that
the DAS has still higher adsorption ability and selectivity
towards Pb(ll) than the Hg(ll) ions, while the DASU and
DASTU have always excellent selectivity towards Hg(ll)
ions. Furthermore, DASTU has higher adsorption selectiv-
ity towards Hg(ll) ions than the DASU.

These results could be explained due to the relatively
big ionic volume of Pb(ll) and Hg(ll) which would be suit-
able for the gaps in the DAS, DASU, and DASTU structures.
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Table 3 Adsorption capacity and removal efficiency of DAS, DASU
and DASTU

lon Compound R.E. (%) Q (mg/q)
Pb2* DAS 99.25 105.7
DASTU 18.38 19.6
DASU 35.61 379
Cu* DAS 9.87 10.8
DASTU 17.0 18.6
DASU 17.91 19.6
cd* DAS 16.89 13.6
DASTU 12.37 9.9
DASU 11.94 9.6
crt DAS 4.70 5.52
DASTU 10.26 121
DASU 15.33 18.0
Hg? DAS 61.13 49.8
DASTU 97.56 79.5
DASU 91.09 74.2
Table 4 Results of competitive adsorption experiments
Studied ion Compound R.E. (%) Q (mg/q)
Pb2* DAS 95.25 107.4
DASTU 8.19 9.2
DASU 11.77 133
Hg?* DAS 71.29 71.8
DASTU 89.45 90.1
DASU 69.97 70.5

Furthermore, the higher removal efficiencies towards
Pb(ll) and Hg(ll) for DAS and DASTU, respectively could be
related to highly stable coordination complexes of those
ions with the binding sites on the bio adsorbents.

3.6 Adsorptionisotherms

Langmuir and Freundlich’s models are applied to demon-
strate the adsorption equilibrium between the adsorb-
ate and adsorbent surface area. To obtain the adsorption
experimental data, Langmuir and Freundlich’s models
were studied [44]. Langmuir model assumes that the
absorption occurs on a single homogeneous layer of the
absorbent’s surface, and the absorption sites have the
same energy. Langmuir model is usually presented as a
relation between the equilibrium adsorption capacity (q),
and the equilibrium concentration of the metal ions (C,)
[45, 46]:

C
ﬂ = 1 + 1 Ceq
q kL X Qmax Qmax

(4)

where k; (L/mg) is the Langmuir constant which expresses
the interaction between adsorbate and the surface of
the absorbent. Q,,., refers to the maximum adsorption
capacity.

While Freundlich model supposes that the adsorption
takes place at heterogeneous sites on the adsorbent sur-
face, and it is expressed by the following equation [45, 46]:

max

Log(g) = Log (k) + 7L0g(Ccy) (5)

where k. is the Freundlich constant and it is a measure
of the sorption capacity, while n is an empirical constant.
Figures 4 and 5 exhibit Langmuir and Freundlich curves of
DAS/Pb and DASTU/Hg, respectively, and the constants of
each isotherm model are listed in Table 5.

From Figs. 4, 5, and Table 5, the correlation factors for
Langmuir and Freundlich models of DAS/Pb are 0.984
and 0.799, respectively. As for DASTU/Hg, they are 0.995
and 0.813, respectively. By comparing these values, it is
readily noticed that Langmuir model is better to explain
the adsorption process of heavy metal ions on both DAS
and DASTU. The values of the Q,,, from Langmuir model
for DAS/Pb and DASTU/Hg are 206.47 and 160.54 mg/g,
respectively. According to Table 5, one can notice the
good match between the maximum adsorption capacities
evaluated experimentally, and the maximum adsorption
capacities evaluated using Langmuir model.

According to these results, one can infer that the
adsorption follows Langmuir adsorption model, which
means that the adsorption occurs at specific binding sites
that are localized on the surface of the adsorbent and all
adsorption sites on the surface of the adsorbent are iden-
tical. Lead and mercury ions form strong coordination
bonds with carbonyl, hydroxyl and imine groups present
at the surface of the bio-adsorbents.

Gibbs free energy AG° is the thermodynamic state func-
tion that indicates the spontaneity of the interaction of
between the adsorbent and the adsorbate when it has
negative value [44]. To calculate AG® for the adsorption of
the heavy metal, the following equation was used:

AG®° = —RTIn (K,) (6)

where K, =k x Atomic mass of the metal x 103x 55.5.

In fact, since k_in the Langmuir isotherm has a dimen-
sion, and the recommendations of the International Union
of Pure and Applied Chemistry (IUPAC) indicate that the
standard equilibrium constant (KO) for calculating AG°
must be a dimensionless parameter, K,,. The equation of
K, is suggested by Zho et al. [47].
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DAS/Pb 245.09 206.47 0.0165 0.984 54.59 433  0.799
DASTU/Hg 180.83 160.54 0.0223 0.995 65.23 6.49 0.813
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Table 6 Comparison of maximum adsorption capacities of other reported adsorbents towards Pb?* and Hg?*

lon  Adsorbent Q (mg/g) References
Pb** DAS 245.09 Current work
oxidized starch nanoparticles (Oxy-SNPs) 88.49 Awokoya and Bello [48]

Modified cassava starch (MWS and MCS)

Three-dimensional nanoporous starch-based material (3D-PSN)

Porous starch xanthate (PSX) and porous starch citrate (PSC)
Hg*" DASTU

m-Aminothiophenol/potato starch on mesoporous silica (MAP-

S-PS)
Aminothiourea functional magnetic dialdehyde starch nano-
composite (AT-MDAS)

Titanium(IV) (TIV)

370.37 and 294.12 respectively Gunawardene and Jayasinghe [20]

24331 Fang and Cui [49]

109.1 and 57.6 respectively Ma and Chang [50]

180.83 Current work

436.68 Fu and Hu [21]

144.9 Naushad and Al-Muhtaseb [22]
21.32 Naushad and Eldesoky [51]

The estimated AG°(Pb)=-30.1 kJ/mol, and
AG°(Hg)=-30.8 kJ/mol. This indicates that the adsorp-
tion process occurs spontaneously because AG® values
are negative.

3.7 Comparison with other adsorbents

In order to assess the adsorption performance of DAS
and DASTU, Table 6 shows a comparison of the adsorp-
tion capacity of Hg(ll) and Pb(ll) with other bio adsorbents
based on starch, recently reported in the literature. Accord-
ing to the results of Table 6, one can deduce that both DAS,
and DASTU show a good adsorption performance in com-
parison with other adsorbents. Table 7 also presents the
maximum molar adsorption capacity of DAS and DASTU
compared to other adsorbents. The current DAS and
DASTU show higher molar adsorption capacity than the
other mentioned adsorbents with a value of 1.183 mmol/g
for DAS/Pb and 0.901 mmol/g for DASTU/Hg.

4 Conclusion

Starch dialdehyde was successfully prepared by a new
and simple approach using microwave irradiation in a
short time (10 min) in presence of a mild oxidizing agent,

potassium iodate. The prepared dialdehyde was used to
prepare the Schiff bases by reacting it with urea and thio-
urea. The adsorption ability of the prepared compounds
(DAS, DASU, and DASTU) towards Cu(ll), Pb(ll), Hg(ll),
Cd(ll), and Cr(lll) were investigated. The results showed
that DAS has higher ability for removing the Pb(ll), while
the DASU and DASTU have excellent ability for removing
the Hg(ll) ions. The removal efficiency of DAS and DASTU
were 99.25% and 79.5%, respectively from solutions con-
taining 100 ppm of Pb(ll) and Hg(ll) ions respectively. The
adsorption isotherm studies showed that the adsorption
process is spontaneous, and follows Langmuir Model for
DAS and DASTU. The values of the theoretical maximum
adsorption capacities for DAS/Pb and DASTU/Hg are
245.09 and 180.83 mg/g, respectively. Therefore, the
prepared materials are very promising adsorbents for
removal of heavy ion metals from wastewater. The sim-
ple preparation method, and the excellent performance
of the bio-adsorbents encourage to investigate the up-
scaling of the preparation process.

Table 7 Maximum Molar

Adsorption Capacities of with Adsorbent lon Qpnax (Mmol/g) References
DAS and DASTU and some DAS Pb2* 1.183 Current work
Adsorbents DASTU Hg?* 0.901 Current work
Crosslinked amino starch (CASt) Cu?* 0.128 Dong and Yin [52]
Dialdehyde 8-aminoquinoline starch Zn*t 0.032 Ding and Li [53]
Caffeic acid-functionalized corn starch (DACS-CA) Cr 1.855 Liu and Hu [23]
Aminothiourea functional magnetic dialdehyde Hg?* 0.722 Naushad and Al-
starch nano-composite (AT-MDAS) Muhtaseb [22]
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