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Abstract
In recent years, facing the problem of improving environmental quality, cellulose and cellulose-based (nano) composites have 
received great attention as adsorbents. In this work, we report the modification and functionalization of cellulose by nitrogen- 
and sulfur-containing moieties through a three-steps process; native cellulose is first oxidized by potassium periodate  (KIO4) 
to form dialdehyde cellulose (DAC), which then condenses with aminoguanidine and react with phenyl isothiocyanate to form 
4-phenyl guanyl thiosemicarbazide dialdehyde cellulose (DAC@GuTSC). The prepared DAC@GuTSC is characterized by 
a number of techniques, including Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), 
elemental analysis (EA), Brunauer–Emmett–Teller (BET) and thermogravimetric analysis (TGA). The prepared DAC@
GuTSC adsorbent was used to remove  Cu2+  Hg2+ and  Pb2+ from aqueous solution and environmental water samples. The 
influence of various factors on the adsorption efficiency including pH, initial metal concentration, contact time, adsorbent 
dosage, temperature, and ions interfering with adsorption was investigated. Under optimal adsorption conditions, the adsorp-
tion capacity of  Cu2+,  Hg2+ and  Pb2+ was 50, 94 and 55 mg  g−1, respectively. The adsorption process is well described by 
the Langmuir model, and it was found to follow the pseudo-second-order kinetics model. The spontaneous and endothermic 
adsorption of  Cu2+,  Hg2+ and  Pb2+ was confirmed by the calculated thermodynamic functions. The prepared DAC@GuTSC 
composite has been successfully applied to remove  Cu2+,  Hg2+ and  Pb2+ from real water samples with recovery greater than 
90% and relative standard deviation (RSD) less than 3%. The reasonable  Cu2+,  Hg2+ and  Pb2+adsorption mechanism on the 
prepared DAC@GuTSC composite has been elucidated.
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Introduction

Clean and safe water is an eternal need of every individual. 
In recent decades, freshwater resources have been directly 
threatened by increasing industrialization worldwide (Jamil 
et al. 2009).Discharged industrial waste significantly con-
taminates water sources by releasing a number of pollutants, 
including organics and heavy metals (Liu and Huang 2011). 
Unlike organic pollutants, heavy metals such as Hg, Pb, Cu, 
Cd and Zn are not biodegradable and tend to accumulate 

and persist for long periods (Nouri et al. 2007). These heavy 
metals can cause a number of diseases and disorders, even 
at very small concentrations (Gotoh et al. 2004a, 2004b). 
For example, lead has a number of health effects, includ-
ing anemia, hypertension and digestive disorders (Gherasim 
and Mikulášek 2014; Martin and Griswold 2009) while high 
copper levels can cause abdominal strain and kidney failure 
(Bilal et al. 2013; Chaturvedi 2013) mercury is believed to 
have toxic effects on the nervous system, leading to serious 
disorders such as brain damage, memory loss, behavioral 
abnormalities and autism (Chang 1977; Clarkson 1993; 
Clarkson and Magos 2006; Friberg and Mottet 1989; Guzzi 
and La Porta 2008; Magos and Clarkson 2006).

To avoid serious impacts on the environment and public 
health, several techniques have been developed to remove 
heavy metals from water, including ion exchange, chemical 
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precipitation, membrane filtration and adsorption. (Akl et al. 
2013, 2005, 2004; Atta et al. 2013; Ibrahim et al. 2019; Kur-
niawan et al. 2006; Lee et al. 2007; Meena et al. 2005; Mon-
ier et al. 2014b, 2014a; Nayl et al. 2020; O’Connell et al. 
2008; Shoueir et al. 2016, 2017; Wang and Li 2013; Zewail 
and Yousef 2015). However, adsorption is widely preferred 
over other conventional techniques due to its affordability, 
simplicity, high efficiency and eco-friendly nature (Aydın 
et al. 2008; Hua et al. 2012; Khan et al. 2004; Pan et al. 
2009; Zhao et al. 2010).

Cellulose is one of the most commonly used biosorbents, 
showing great heavy metal adsorption potential, especially 
when chemically modified by binding to novel groups via 
complexation or chelation significantly improves its adsorp-
tion capacity (Acemioglu and Alma 2001; Aydın et al. 2008; 
Dridi-Dhaouadi et al. 2011; Gupta 2009; Navarro et al. 
1996; Suhas et al. 2016; Wu et al. 2012). It has been shown 
that introducing aminoguanidine to cellulose after oxidizing 
it with  KIO4 improves its adsorption capacity and leads to 
satisfactory removal results for Cu ions, Hg, Pb, Cd and Zn 
of aqueous solutions (Kenawy et al. 2018).

In this study, an attempt was made to modify cellulose 
by adding an additional procedure to the above method, that 
is, adding phenyl isothiocyanate to aminoguanidine modi-
fied cellulose and investigating its effectiveness in adsorbing 
three heavy metals (i.e., Cu, Hg and Pb) from aqueous solu-
tion and real sample. This modification leads to the forma-
tion of a new adsorbent 4-pheny guanyl thiosemicarbazide 
functionalized dialdehyde cellulose (DAC@GuTSC) con-
taining potentially electron-donating N and S atoms. The 
presence of N/S atoms provides a stronger chelation regime 
with metal ions.

To our knowledge, the modification of cellulose using a 
nitrogen-containing ligand (aminoguanidine) and a sulfur-
nitrogen phenyl isothiocyanate has not been reported in 
the literature. Again, no data were found on using DAC@
GuTSC modified cellulose as an effective adsorbent for 
 Cu2+,  Hg2+ and  Pb2+ from actual polluted water samples.

Accordingly, the current study was performed out with 
these objectives:

 i. Design and synthesis of N and S containing guanyl 
thiosemicarbazide functionalized dialdehyde cellu-
losic composite (DAC@GuTSC) for adsorption of 
 Cu+2,  Hg+2 and  Pb+2 metal ions in single and multi-
component metal ions’ solutions.

 ii. Characterization of the as-prepared DAC@GuTSC 
composite using physical (optical images) elemental 
analysis and spectroscopic (FTIR), SEM and TGA 
instrumental performances.

 iii. Batch sorption experiments in single and multi-com-
ponent metal ions utilizing  Cu2+,  Hg2+ and  Pb2+as 
pollutants.

 iv. Investigating the ideal parameters required for optimal 
adsorption of the studied metal ions, e.g., pH, temper-
ature, the initial concentration of the three investigated 
metal ions, the mass of DAC@GuTSC composite and 
the oscillation time, as well as the interfering ions.

 v. Studying the various adsorption isotherm, kinetics and 
thermodynamic parameters.

 vi. Comparative evaluation of metal removal efficiency 
and reusability of DAC@GuTSC composite with 
other previously reported adsorbents.

 vii. Elucidation of the mechanisms involved in the process 
of adsorption of  Cu+2,  Hg+2 and  Pb+2 onto DAC@
GuTSC composite.

Experimental and methods

Materials

Aminoguanidine monohydrochloride, cellulose powder, 
phenyl isothiocyanate, potassium metaperiodate  (KIO4), 
 CuSO4,  HgCl2, Pb(NO3)2 and triethylamine were purchased 
from Sigma-Aldrich and directly used.

Preparations

Preparation of dialdehyde cellulose (DAC)

One gram of the native cellulose was oxidized using 100 ml 
of 4% potassium periodate. The previous mixture was shaken 
for 1 h in complete darkness to form dialdehyde cellulose 
(DAC), Scheme 1. The obtained DAC was washed several 
times with dist.H2O and was dried in an oven at 50 °C.

Determination of aldehyde content The aldehyde content 
of DAC is determined by the Schiff base reaction in Fig. 1 
according to refs (Dacrory 2021; Dacrory et al. 2019) in 
which hydroxylamine hydrochloride is used to convert 
the aldehyde group to the corresponding oxime. 0.3 g of 
DAC sample was dispersed in 20  ml of distilled water 
and adjusted to (pH ≈ 5) with NAOH solution. 20 ml of 
hydroxylamine hydrochloride solution (0.72 mol/l) of pH 
5 was then added. The mixture was stirred at 40  °C for 

Scheme 1  Schematic representation of determination of the aldehyde 
content (Dacrory 2021)
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4 h. Released HCl was titrated with 1.0 M NaOH solution. 
The amount of NaOH consumed when the pH of the solu-
tion reached 5.0 was recorded (Ibrahim et al. 2019). The 
amount of NaOH solution consumed in the titration was 
recorded as Va (liters). A pH 5.0 cellulose solution of the 
same concentration was used as a blank and the volume 
of 1.0  M NaOH consumed was recorded as Vc (liters). 
Aldehyde content (% w/w) calculated using the following 
formula (Dacrory 2021)

The aldehyde content for DAC was calculated as shown 
in Eq. 1:

Where MNaOH is the used NaOH concentration (0.1 mol), 
m is the prepared DAC weight, and Mwt is the molecular 
weight of the DAC repeating unit  (C6H8O10)n that is equal to 
160.124 g/mol. Vsample and Vcontrol are the recorded volumes 
of the NaOH consumption for the DAC sample and control 
one, respectively. The determination of the aldehyde content 
for DAC is schematically represented in scheme 1

Preparation of the Schiff base guanyl thiosemicarbazide 
functionalized dialdehyde cellulose (DAC@GuTSC)

Guanyl dialdehyde cellulose (DAC@Gu) was prepared by 
the same procedure followed in the mentioned study [45] 
except for increasing the oxidation time for 6 h. Then, 5 ml 
of phenyl isothiocyanate was added to 0.5 g of the guanyl 
modified cellulose and immersed in 100 ml of ethanol in 
the presence of triethylamine. The obtained mixture was 
allowed to reflux for 3 h at 80 °C. Yellow powder of the 
guanyl 4-phenyl thiosemicarbazide functionalized dialde-
hyde cellulose composite (DAC@GuTSC) was obtained 
at the end.

−CHO + NH2OH − HCl → −CHNOH + HCl + H2O

HCl + NaOH → NaCl + H2O

(1)AC(%) =
MNaOH

(

Vsample − Vcontrol

)

m∕Mwt
× 100

Instrumentation

The FTIR spectra of the prepared samples were recorded 
between 4000 and 400  cm−1. Disks were prepared by first 
mixing 1 mg of dried samples with 500 mg of KBr (Merck, 
for spectroscopy) in an agate mortar and then pressing the 
resulting mixture successively at 8 tons  cm−2. Elemental 
analysis was done using a Perkin-Elmer 2400 analyzer. 
Brunauer–Emmett–Teller (BET) analysis was conducted 
to evaluate the surface area of the DAC@GuTSC. Ther-
mogravimetric analysis (TGA) was performed by thermo 
analyzer Shimatzu DT40 (Japan) over temperature range of 
30–800 °C with  N2 atmosphere and with the heating flow 
10 °C/min. In addition, scanning electron microscope (SEM) 
was used to study the morphology of native cellulose, DAC 
and DAC@GuTSC samples. The samples were sputtered 
and coated with gold before using scanning electron micro-
scope. The concentrations of  Cu2+,  Hg2+ and  Pb2+ in metal 
solutions before and after adsorption were estimated using 
Agilent's 5100 ICP OES.

The point of zero charge  (pHPZC) was determined using 
the solid addition method. In a series of 100 ml jacketed 
glasses, 50 ml of  KNO3 solutions of known concentration 
was transferred. The solutions of different initial pH  (pHi) 
between 2 and 12 were prepared by adding either 0.1 M HCl 
or 0.1 M NaOH. One gram of DAC@GuTSC composite 
was then added to each solution with stirring for 48 h. The 
final pH  (pHf) was measured and the difference between the 
initial and final pH values (ΔpH =  pHi-  pHf) was plotted 
against pHi. The pHpzc value is the point where the curve 
ΔpH vs pHi crosses the line ΔpH = 0.

Batch adsorption experiments

Batch adsorption of  Cu2+,  Hg2+ and  Pb2+ was performed in 
100 mL reagent bottles containing 50 mL of known initial 
concentrations (50, 100, 150, 200) ppm of the metals under 
investigation and known DAC@GuTSC weights (0.01, 0.03, 
0.05) g at a pH of (3–7) adjusted by the addition of 0.1 M 
NaOH and/or 0.1 M HCL and a temperature of (25–45)°C 
(at time intervals of 1–24 h). Bottles containing samples 
were shaken on a mechanical shaker for (20–120 min) and 

Fig. 1  a Filtrate of 0.25 M 
hydroxylamine after stirring for 
2.5 h with DAC; b after titration 
with 0.1 M NaOH
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filtered. Metal ion concentrations in the supernatants were 
determined by ICP OES.

Then, adsorption capacity and the removal efficiency 
were evaluated by Eqs. (2) and (3), respectively.

where qe is the adsorption capacity in mg  g−1, Ci is the initial 
concentration of metal ion under study in (mg  L−1), Ce is 
the equilibrium concentration of metal ions in (mg  L−1), V 
volume of solution in (liter), and W is adsorbent mass in (g).

Results and discussion

Materials' design

Synthesis of dialdehyde cellulose (DAC)

KIO4, a known selective oxidizing agent, oxidizes two 
hydroxyl groups on two neighboring carbon atoms  C2–C3 
bond of the glucopyranoside ring that will be cleaved and 
converted into two dialdehyde groups. The oxidation degree 
which represents the percentage of monosaccharide units 
that reacted with  KIO4 is calculated by aldehyde content 
determination (Akl et al. 2021). The aldehyde content of the 
prepared DAC is 35.71% as it is presented in Table1.

Synthesis of the Schiff base DAC@GuTSC composite

Natural cellulose powder was selectively oxidized by  KIO4 
to give the dialdehyde form (DAC) with aminoguanidine at 
80 °C. The product (DAC@Gu) was further reacted with 
phenyl isothiocyanate to form the DAC@GuTSC compos-
ite with additional nitrogen and sulfur functionalities. The 
water solubility of the DAC@GuTSC adsorbent was tested 
by suspending a 1.00 g sample of the DAC@GuTSC adsor-
bent in 50.0 mL of water. After stirring the suspension for 
about 3.0 h, the resulting solid was collected by filtration 

(2)qe =
(

Ci − Ce

)

V∕W

(3)Removal (%) =

(

Ci − Ce

)

Ci

× 100

and dried. No reduction in total mass was observed. The 
DAC@GuTSC adsorbent was insoluble in water. Scheme 2 
represents the proposed steps of the synthetic reaction.

Characterization

Infrared spectroscopy

The obtained IR spectra for native, DAC, DAC@Gu and 
DAC@GuTSC samples are presented in Fig. 2(a–d).

The FTIR spectrum of unmodified natural cellulose 
Fig. 2a and (Fig.S1a) shows some characteristic peaks in 
the range of 1000–1200  cm−1 corresponding to C-O elon-
gation. While the peaks present at 1260–1410 cm − 1 are 
attributed to the OH bending vibrations, the peaks present 
between 3600 and 3200  cm−1 correspond to the OH stretch-
ing vibrations (Xu et al. 2013). Other peaks occurring at 
2700–3000  cm−1 are due to C–H elongation.

The IR spectrum of DAC in Fig. 2.b and (Fig. S1b) shows 
an extremely sharp peak that is moderately sharp at about 
1650  cm−1, which is due to prolonged oscillations of the 
groups carbonyl (C=O) is formed during oxidation ( Akl 
et al. 2021).

Modification of DAC by reaction with aminoguanidine 
causes some changes in the IR spectrum, notably a sharp 
peak at about 1720  cm−1, possibly due to C=N formation 
between the aldehyde groups present in the cellulose being 
oxidants and amino groups of the added aminoguanidine 
[45] as shown in Fig. 2c and (Fig. S1c).

Figure 2d and (Fig. S1d) show the IR spectrum of DAC@
GuTSC composite after insertion of phenyl isothiocy-
anate. The presence of new peaks between 1120  cm−1 and 
960  cm−1 may be related to group C=S [49] present in the 
inserted phenyl isothiocyanate. Alternatively, the broad peak 
at about 2900  cm−1 could be due to the introduction of a 
phenyl group. Furthermore, the overlapping peaks occurring 
between 1520  cm−1 and 1650  cm−1 can be attributed to the 
unsaturated C–N–H, N=CH– and C=C bonds in the aro-
matic rings of the phenyl group (Balachandran and Murali 
2011). The observed differences in IR spectra support the 
denaturation of natural cellulose and the insertion of new 
N and S functional groups into the newly prepared DAC@
GuTSC composite.

Elemental analysis

The results of elemental analysis for native cellulose and 
modified cellulose are summarized in Table 2. The results 
revealed an addition of nitrogen and sulfur to the elemen-
tal composition of cellulose which indicates the successful 

Table 1  Volumetric titration of DAC for determination of average 
aldehyde content percentage (AC, %)

Vcontrol 
(ml)

Vsample 
(ml)

CNaOH 
(M)

m (gm) AC % Average 
AC%

0.5 2.7 0.1 0.1 35.2 35.71
0.5 2.7 0.1 0.1 35.2
0.5 2.8 0.1 0.1 36.8
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modification of cellulose by introduction of new nitrogen 
and sulfur functional groups.

Scanning electron microscopy (SEM)

The surface morphology of DAC and DAC@GuTSC com-
posite was studied by scanning electron microscopy at 
5000X, 15000X and 27000X magnifications. Figure 3 shows 
the SEM images obtained at three magnifications. One can 
directly notice that the surface of the cellulose becomes 
rougher after being modified, which indicates the inser-
tion of new moieties into the original structure. In addition, 
the surface of DAC@GuTSC has been shown to have large 
pores and pores that can help trapping metal ions during 
adsorption.

Brunauer–Emmett–Teller analysis (BET)

The BET surface analysis was applied to evaluate the spe-
cific surface properties of the samples. The results indicate 
that natural cellulose and the DAC@GuTSC sorbent are 
microporous materials in nature. In addition, BET-specific 
surface area calculations showed that natural cellulose fib-
ers have a higher surface area (21.264  m2  g−1) than DAC@
GuTSC composite (3.038  m2  g−1), Table 3. The decrease 
in surface area after chemical modification may be due to 
the covering of cellulose pores by anchoring guanyl thio-
semicarbazide moieties which reduces the adsorption of  N2 
molecules used in the surface measurement. The relatively 
low surface area of the functionalized fibers suggests that 
the adsorption occurs mainly through the coordination of 
the N, N- and N, S donors of the guanyl thiosemicarbazide 
moieties with metal ions.

Scheme 2  Synthesis of DAC@GuTSC composite
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Fig. 2  FTIR of a native cellulose, b DAC, c DAC@Gu and d DAC@
GuTSC composite

Table 2  Elemental analysis of native cellulose and DAC@GuTSC

Sample Carbon (%) Hydrogen 
(%)

Nitrogen (%) Sulfur (%)

Native cel-
lulose

44.5 7.14 – –

DAC@
GuTSC

46.4 5.81 8.32 3.81
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Thermal gravimetric analysis (TGA)

A thermal gravimetric analysis (TGA) was performed to 
investigate the thermal decomposition of the DAC@GuTSC 
adsorbent before and after adsorption of heavy metal ions. 
As shown in Fig. 4, in the temperature range (0–200)  °C, 
there is a very slight weight loss that actually starts after 
100 °C mainly due to the evaporation of the water parts. 
The reduced mass started to increase from about 250 °C 
to about 450 °C due to the pyrolysis of the sample. Simi-
lar decomposition behavior was observed before and after 
adsorption. The heatmap of natural cellulose shows two 
stages of thermal degradation that typically yield levoglu-
cosan and anhydrocellulose (Mohan et al. 2006). While the 
thermogram obtained from DAC@GuTSC composite in 

Fig. 4a shows four stages of thermal decomposition, which 
in turn confirms the appearance of a change in the com-
position of natural cellulose. At 750 °C, the final residual 
weight of DAC@GuTSC composite is 0.96%, indicating the 
remarkable thermal stability of DAC@GuTSC composite at 
very high temperatures. After adsorption of metal ions, the 
final remaining mass of the DAC@GuTSC–metal complex 
at 750 °C was 41.3%, 40.2% and 56.1% for DAC@, GuTSC-
Cu, DAC@GuTSC-Hg and DAC@GuTSC-Pb, respectively. 
The increased residue value after metal adsorption compared 
with DAC@GuTSC composite indicates their higher ther-
mal stability.

Adsorption studies

Point of zero charge  (pHPZC)

The  pHPZC of adsorbent is one way to understand the 
absorption mechanism. The surface charge of the DAC@
GuTSC adsorbent was assessed by measuring the  pHPZC. 
In general, adsorbents will show better affinity for anions 
at pH <  pHPZC and vice versa. The  pHPZC value obtained 
for the DAC@GuTSC composite is about 5.75, Figure 

Fig. 3  SEM images of oxidized cellulose at a 5000×, b 15000×, c 27,000× and DAC@GuTSC at d 5000×, b 15,000× and f 27000×

Table 3  BET analysis results

Sample 
weight

Adsorp-
tive

Adsorp-
tion tem-
perature

Mean 
pore 
diameter 
(nm)

Surface 
area 
 (m2  g−1)

Total pore 
volume 
 (cm3  g−1)

0.0753 N2 77 K 4.7503 3.038 0.003608



Applied Water Science (2023) 13:144 

1 3

Page 7 of 18 144

S2. It is expected that the adsorption of metal ions can 
be increased at the experimental pH (pH = 6) by electro-
static interaction between Hg(II), Cu(II) and Pb(II), and 
the nitrogen-containing functional groups on the surface 
of DAC@GuTSC.

Effect of pH

The influence of pH value in the range 1.0–7.0 on metal 
removal by DAC@GuTSC is shown in Fig. 5. The adsorp-
tion capacity (qe) exhibits an increasing trend with increase 
in pH value until peaking at pH 6 for  Cu2+,  Hg2+ and  Pb2+. 
The observed decrease trend in the removal % at low pH 
values can be explained by protonation taking place in an 

Fig. 4  TGA curves of a DAC@GuTSC, b DAC@GuTSC-Cu, c DAC@GuTSC-Hg, d DAC@GuTSC-Pb

Fig. 5  Effect of pH on the 
adsorption of Cu, Hg and Pb 
onto DAC@GuTSC composite
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acidic environment where protons are attached to negatively 
charged groups on the fiber of the adsorbent, thereby com-
peting with the intended metal ions to be adsorbed.

Effect of adsorbent dose

The adsorbent dosage was varied from 0.01 g to 0.1 g and 
the adsorption capacity was estimated for each dose. Fig-
ure 6 describes the relationship between adsorbent dosage 
and adsorption capacity of DAC@GuTSC adsorbent. From 
the figure, it can be concluded that the adsorption capacity 
increases as the adsorbent dose increases in a direct relation-
ship, which may simply be due to the increased number of 
active sites. Then, when heavy metal saturation is reached, 
the adsorption capacity becomes constant as the adsorbent 
dosage increases.  Cu2+ and  Pb2+ show saturation values at 
0.05 g of DAC@GuTSC adsorbent, while the maximum 
adsorption capacity for  Hg+2 is only 0.03 g. The obtained 
results have proven that the DAC@GuTSC adsorbent is a 
very effective heavy metal adsorbent with very low dosage.

Effect of the initial metal ion's concentration 
and adsorption isotherms

The effect of the initial concentration (C0) of different metal 
ions on the adsorption performance of DAC@GuTSC com-
posite is shown in Fig. 7. All the metal ion adsorption curves 
of DAC@GuTSC composite have similar trends. As the ini-
tial concentration of metal ions in the solution increases, 
the adsorption capacities of DAC@GuTSC composite for 
various metal ions show an overall upward trend. After 
reaching a certain concentration, the upward trend of the 
adsorption curve slows down. An increase in the concentra-
tion of metal ions means that the absolute content of metal 

ions per unit volume increases. The chance of metal ions 
contacting DAC@GuTSC composite increases, resulting 
in a rapid increase in the amount of metal ions adsorbed. 
However, with a further increase in the initial concentration, 
the adsorption efficiency of DAC@GuTSC for metal ions 
reaches saturation, and the growth rate of the adsorption 
curve becomes flat.

To better represent the effect of initial concentration on 
adsorption, Langmuir and Freundlich’s adsorption isotherm 
models were used using linearization Eqs. (4) and (5)

where qe is the equilibrium adsorption capacity, KF is the 
Freundlich constant, n is the heterogeneity coefficient 
reflecting the energy distribution in the bonds, Ce is the equi-
librium metal concentration, KL is the Langmuir constant, 
and qm is the maximum adsorption capacity of a layer.

The adsorbent convenience was then investigated by cal-
culating (RL) as the constant of the separation coefficient 
using Eq. (6).

where KL is the Langmuir adsorption constant and  Co is the 
initial concentration of metal ions.

RL values greater than 1.0 indicate adsorbent mismatch, 
while RL values between 0 and 1 indicate adsorbent concord-
ance. The derived parameters are listed in Table 4. From 
the estimated values of the parameters for DAC@GuTSC, 
it is found that the correlation coefficients in Langmuir’s 
model are very high, which means the real data correspond 

(4)ln qe = lnKF + 1∕n lnCe

(5)Ce∕qe =
(

1∕KLqm
)

+
(

Ce∕qm
)

(6)RL = 1∕
(

1 + CoKL

)

Fig. 6  Effect of adsorbent dose 
on the adsorption of Cu, Hg 
and Pb
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significantly to the model Langmuir. Meanwhile, the R2 
coefficients obtained from the Freundlich isotherm plot are 
much lower. In addition, the maximum adsorption capacity 
for one layer (qm) obtained from the Langmuir plot is con-
sistent with the experimental records, which clearly confirms 
that the adsorption process will be better described by Lang-
muir’s isothermal model. All calculated values of RL ranged 
from 0.0 to 1.0, confirming the suitability of DAC@GuTSC 
as adsorbent for the metal ions studied.

Effect oscillation time and adsorption kinetics

Figure 8 shows the effects of oscillation time on the adsorp-
tion of  Cu2+,  Hg2+ and  Pb2+ onto DAC@GuTSC. It can be 
seen that removal efficiency and adsorption capacity all 
increased rapidly and then remained stable with the increase 
in oscillation time. In adsorption initial stage, there were 
many usable adsorption sites in the surface DAC@GuTSC, 
accelerating the adsorption speed of  Cu2+,  Hg2+ and  Pb2+. 
As time went on, a large number of empty adsorption sites 
had been occupied by  Cu2+,  Hg2+ and  Pb2+. This leads to the 
reduction of effective adsorption sites and adsorption speed. 
Thus, in the later stage, their removal efficiency and adsorp-
tion capacity unchanged insignificantly and finally reached 
equilibrium. The selection of proper adsorption equilibrium 
time can effectively shorten adsorption period. Thus, the 
oscillation time for the adsorption of  Cu2+,  Hg2+ and  Pb2+ 
was 240 min.

Figure 8 represents the relationship between time of con-
tact and adsorption capacity for DAC@GuTSC-Hg2+ by 
DAC@GuTSC composite was the most rapid followed by 
 Pb2+ and  Cu2+. Maximum adsorption capacity of DAC@
GuTSC composite was reached approximately in the first 
6 h and then equilibrium was reached.

The obtained experimental data have been adapted to two 
kinetic adsorption models; pseudo-first and pseudo-second-
order models to predict the adsorption mechanism. The kin-
ematic parameters are calculated using Eqs. (7) and (8).

Fig. 7  Effect of initial metal ion 
concentration on the adsorption 
of Cu, Hg and Pb onto DAC@
GuTSC

Table 4  Langmuir and Freundlich constants for metal adsorption by 
DAC@GuTSC

Langmuir isotherm model

Adsorbates KL(L/g) qm (mg/g) R2 RL

Cu2+ 0.384 80.65 0.9992 0.0103–
0.0495

Hg2+ 12.625 99.01 1 0.0003–
0.0017

Pb2+ 0.366 84.03 0.9993 0.0108–
0.0518

Freundlich isotherm model

Adsorbates KF n R2

Cu2+ 62.23 24.04 0.7721
Hg2+ 82.02 21.23 0.8716
Pb2+ 64.70 24.04 0.8479



 Applied Water Science (2023) 13:144

1 3

144 Page 10 of 18

Pseudo-first-order (PFO) linear equation:

Pseudo-second-order (PSO) linear equation:

where qe(ads) is the equilibrium adsorption capacity, qt(ads) 
is the adsorption capacity at time t, K1 is the adsorption 
rate constant of the pseudo-first-order model, and K2 is the 
adsorption rate constant.

The estimated kinetic parameters from the two models 
are summarized in Table 5, while the plotted curves are 
shown in Fig. 9. From the parameters obtained from the 
pseudo-first-order curves, it can be seen that the correlation 
coefficients  (R2) are high, but the theoretical equilibrium 
adsorption capacity qe(ads) for each metal does not match 
the experimental profile. On the other hand, the parame-
ters calculated by pseudo-second-order model are consist-
ent with the experimental results because the  R2 value is 
also high when approaching 1 and the adsorption capacity 
is consistent with the experimental results. Regarding the 
rate constants  (K1 and  K2) calculated in each model, it can 
be directly observed that the rate constants calculated from 
the first-order model are high, that is, the adsorption rate is 
slow, and therefore, it is inconsistent with the experimen-
tal results. Meanwhile, the rate constants obtained from the 
pseudo-second-order model are much smaller, which is more 
significant and correlated with experimental results. Thus, it 
can be deduced that the adsorption of  Cu2+,  Hg2+ and  Pb2+ 
by the DAC@GuTSC composite exhibits a pseudo-second-
order kinetic model perfectly. It can also be concluded that 

(7)1∕qt(ads) = k1∕qe(ads)t + 1∕qe(ads)

(8)t∕qt(ads) = 1∕k2q
2
e(ads)

+
(

1∕qe(ads)
)

t

chemisorption is the main dominant process and it is also 
believed to be the limiting factor.

Effect of temperature thermodynamic parameters

To investigate the effect of temperature on the adsorption of 
the studied metal ions, several thermodynamic properties 
were investigated, including the Gibbs free energy change 
(ΔG°), the thermal equilibrium constant (Kc), standard 
entropy change (ΔS°) and standard enthalpy change (ΔH°). 
The values of the mentioned thermodynamic parameters are 
calculated after plotting 1/T vs  LnKc using Eqs. 9–11.

(9)KC = Cad∕Ce

(10)lnKC = ΔSo
ads
∕R − ΔHo

ads
∕RT

Fig. 8  Effect of oscillation time 
on the adsorption of Cu, Hg and 
Pb onto DAC@GuTSC

Table 5  Kinetic parameters derived from pseudo-first-order model 
and pseudo-second-order model for adsorption of  (Cu2+,  Hg2+and 
 Pb2+) by DAC@GuTSC

Cu2+ Hg2+ Pb2+

Pseudo-first order
 qe(ads) (mg/g) 62.11 108.7 64.9
 K1  (min−1) 116.77 135.97 97.51
 R2 0.9712 0.9031 0.9709

Pseudo-second order
 qe(ads) (mg/g) 53 105.26 58
 k2 (g/(mg min) 3.9 ×  10-4 8.65 ×  10−5 3.47 ×  10−4

 R2 0.9943 0.9842 0.9959
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R is gas constant (8.314 J/mol K).

Figure 10 shows that the curves are plotted and the values 
obtained are all listed in Table 6. The temperature range 
studied is 298–318 K. The thermodynamic parameters of 
the adsorption of  Cu+2,  Hg+2 and  Pb+2 by DAC@GuTSC 
adsorbent are described in Table 6.

Gibbs (ΔGo
ads) free energy values for the whole adsorp-

tion process show the spontaneity of the adsorption pro-
cess in the studied temperature range. The enthalpy change 
values (ΔH°) are also negative for all adsorption processes 
indicating their exothermic behavior. The standard entropy 
change (ΔS°) is a measure of the randomness or distribu-
tion of energy in a system. The negative ΔS° values also 
indicate that the low randomness reflects the high affinity 
between the two modified cellulose (DAC@GuTSC) and 
the adsorbed metal ions, which is a very good indication 
of the adsorption efficiency. Thus, it can be concluded that 
high temperature is not favorable for the adsorption of 

(11)ΔGo
ads

= −RT lnKC

metal ions of the studied adsorbent. Therefore, it is best to 
conduct adsorption experiments at moderately low temper-
atures such as 298 K which is normal room temperature.

Effect of some selected interfering ions:

The effect of the presence of foreign ions on heavy metal 
adsorption was investigated under optimal adsorption condi-
tions. The percentage removal for each metal is estimated at 
50 ppm for certain interfering ions. The concentration of the 

Fig. 9  Adsorption kinetics models: a PFO, b PSO models

Fig. 10  Relation between  Lnkc 
and 1/T for adsorption of  Cu+2, 
 Hg+2 and  Pb+2 onto DAC@
GuTSC

Table 6  Thermodynamic parameters of adsorption of  Cu+2,  Hg+2 and 
 Pb+2 by DAC@GuTSC

ΔGo
ads (KJ /mol) ΔHo

ads (KJ/mol) ΔSo
ads (J/mol K)

298 K 308 K 318 K − 421.39 − 1335.15

Cu2+ − 26.82 − 2.42 − 0.59
Hg2+ − 28.39 − 2.55 − 0.85 − 442.58 − 1401.82
Pb2+ − 27.06 − 4.54 − 0.74 − 422.31 − 1335.48
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interfering ions is exactly equal to the metal concentration. All 
results are summarized in Table 7. From the results obtained, 
it can be concluded that the presence of 50 ppm cations such 
as  Mg2+,  Fe2+,  Ca2+ and  Al3+ and anions such as  PO4

3−, ace-
tate, oxalate and edetate has no significant effect on heavy 
metal removal by DAC@GuTSC. The results give a promis-
ing indication of the selectivity of DAC@GuTSC, suggesting 
its potential for efficient operation in more complex media.

Effect of sample volume

In order to deal with real samples, especially water samples, 
containing very low concentrations of the metal ions, the 
maximum applicable sample volume must be determined. 
For this purpose, 25–1000 mL volumes of the model solu-
tions containing 2–20 μg of the trace elements were passed 
through the column under the optimum conditions. The 
recovery values as a function of sample volume were quan-
titative and constant up to 1000 mL of the sample solution. 
The preconcentration factor was calculated as the ratio of 
the highest sample volume (1000 mL) to the eluent volume 
(10 mL) and found to be 100 for all the metal ions.

Desorption and reusability of DAC@GuTSC composite

To test the reusability of DAC@GuTSC, five cycles of 
adsorption–desorption have been carried out under the opti-
mum conditions, using 5 ml of 0.5 M  HNO3, the obtained 
results are shown in Table 8. From the results, it was clear 
that the adsorption efficiency of DAC@GuTSC was only 
slightly decreased after cycle five, the adsorbent maintained 
about 95% of its initial efficiency.

Adsorption from multi‑metal solutions

A mixture of metals under study was prepared to investigate 
the adsorption efficiency of the prepared DAC@GuTSC in 

multi-metal solutions. As shown in Table 9, the percent-
age removal shows the same trend of single-metal solutions 
without obvious difference. The results also correlate with 
the conclusion obtained in the ionic hindrance that DAC@
GuTSC will perform efficiently in complex multi-component 
samples. The ICP OES is used to simultaneously determine 
the concentrations of multiple metal ions in the solutions 
studied.

Accuracy and application of the method

To study the accuracy of the proposed procedure, known 
amounts of analyte ions are added to tap water, Nile water 
and seawater samples, and then the proposed method is 
applied. The results are presented in Table 10. There is 
good agreement between the amount of metal added and 
the amount measured. The calculated recovery values are 
always greater than 95%, thus confirming the accuracy of 
the proposed procedure and its independence from matrix 
effects. These results confirm the validity of the proposed 
separation/pre-enrichment method.

Plausible mechanism of adsorption

To investigate the possible mechanism of metal ion adsorp-
tion onto DAC@GuTSC, the morphology, surface charge, 
optical images and FTIR of the adsorbent were evaluated.

Optical images Optical images of natural  cellulose, oxi-
dized cellulose (DAC), DAC@GuTSC and metal-loaded 
modified cellulose: DAC@GuTSC-Cu, DAC@GuTSC-Hg 
and DAC@GuTSC-Pb are  shown in Fig.  11(a–f), respec-
tively. The images show the obvious color change of the 
modified cellulose before metal absorption (light yellow) 
compared with the modified cellulose after metal absorp-
tion. These results indicate the tendency of DAC@GuTSC 
modified cellulose to adsorb investigated metal ions.

FTIR spectra of  DAC@GuTSC before  and  after  adsorption 
of metal ions The adsorption mechanism of the Cu, Hg and 
Pb metal ions was designed in light of the effective groups 
available on DAC@GuTSC surface as shown in Fig. 12a and 

Table 7  Removal of heavy metals on DAC@GuTSC in the presence 
of interfering ions

Interfering ions Added concentrations of 
interfering ions (ppm)

% Removal

Cu2+ Hg2+ Pb2+

Mg2+ 50 99.3 100 99.6
Fe2+ 50 98.7 98.4 98.1
Ca2+ 50 99.1 100 99.7
Al3+ 50 95.3 96.1 97.6
PO4

3− 50 84.6 99.4 98.5
Acetate 50 98.2 98.7 97.6
Oxalate 50 98.3 98.6 99.1
Edetate 50 98.2 98.1 97.2

Table 8  Repeated adsorption 
of metal ions  Cu2+,  Hg2+and 
 Pb2+ (50 ml of 50 mg L  L−1) 
by DAC@GuTSC sorbent 
(0.050 g), pH 6, time of shaking 
120 min, 25 oC, desorption by 
5 mL of 0.5 mol/L HNO3

Cycle 
number

Recovery (%)

Cu2+ Hg2+ Pb2+

1 99.4 99.6 99.1
2 98.5 98.6 98.1
3 97.7 97.2 97.3
4 96.4 96.3 96.8
5 95.6 95.2 95.6
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(Fig. S3a). In fact, DAC@GuTSC composite is very abun-
dant with active groups that can adsorb the three pollutants. 
These active groups come from the fact that the adsorbent is 
composed of dialdehyde cellulose and guanyl thiosemicar-
bazide which in their origin are rich in active groups.

FTIR spectrum of DAC@GuTSC–Cu(II), Fig. 12b and 
(Fig. S3b) was also used for evaluation of the mechanism by 
which the  Cu2+, as a representative example, can coordinate 

with the coordinating N,N donors and N,S donors present 
onto the DAC@GuTSC chelating fibers. The main charac-
teristic peaks of azomethine presented obvious, shifted upon 
complexation with the  Cu2+ ions. Thus, the value of stretch-
ing vibrations of C=N at 1610  cm−1was moved to lower 
value at 1580  cm−1, and this revealed that the complexation 
takes place between the two nitrogen atoms of the two C=N 
groups and copper ions. Moreover, coordination of thiolate 
S atom through –C–S–metal mode after enolization followed 
by deprotonation on sulfur to the metal ion is suggested by 
the shift of the ν(C=S) band at lower wave number in all of 
the studied complexes. The presence of a new band due to ν 
(M–S) at 420–425  cm−1 is another indication of the involve-
ment of the S atom in coordination.

In conclusion, the DAC@GuTSC composite can bind 
to metal ions through N, N donors forming four- and five-
membered chelate rings and through N, S donors forming 
six-membered chelate rings, Scheme 3

Performance of DAC@GuTSC

To increase the value of the sorbent, we conducted a com-
parative study of the maximum sorption capacity achieved 
for the same contaminants with other sorbents and activated 
carbon described in the literature. Table 11 summarizes dif-
ferent values of qmax for different sorbents. The adsorption of 
Cu, Hg and Pb observed in this study correlates with other 
studies with maximum adsorption capacities qmax for Cu, 
Hg and Pb at 298 K of 50, 94, and 55 mg  g−1. Comparing 
the adsorption capacities obtained from most of the studies 
mentioned, we found that the adsorption capacity of DAC@
GuTSC is higher. Using  Cu+2 as an example, DAC@GuTSC 
has an adsorption capacity of 50 mg  g−1, while all the meth-
ods described gave adsorption capacities ranging from 1.75 
to 36 mg  g−1. Differences in Cu, Hg and Pb uptake are due 
to the morphological properties of each sorbent, including 
structure, functional groups and surface area. Desorption is 
an unavoidable process and an intermediate step for adsor-
bent regeneration. The latter is a key point for evaluating the 
reuse of sorbents for industrial applications due to environ-
mental concerns and the need for sustainable development. 
In the future, experiments can be performed at column scale 

Table 9  Simultaneous removal of multi-metal solution of  (Cu2+,  Hg2+and Pb2 +) (50 ml of 50 mg L-1) by DAC@GuTSC sorbent (0.050 g), pH 
6, time of shaking 120 min, 25 °C from natural water samples

a The concentration found in the aqueous solution after adsorption and ICP-AES determination

Sample Metal ion Added (ppm) Founda (ppm) % Removal

Multi-metal solution of  (Cu2+,  Hg2+ 
and  Pb2+)

Cu2+ 50.0 5.25 89.5

Hg2+ 50.0 8.4 91.6
Pb2+ 50.0 4.59 90.82

Table 10  Removal of single-metal solution of  (Cu2+,  Hg2+ and  Pb2+) 
(50 ml of 50 mg  L−1) by DAC@GuTSC sorbent (0.050 g), pH 6, time 
of shaking 120 min, 25 °C from natural water samples (sample vol-
ume: 250 mL, final volume: 10 mL, n = 3)

Sample Metal Ion Added (μg) Found (μg) Recovery %

Tap water Cu2+ – –
15.0 14.3 95.33
30.0 29.2 97.33

Hg2+ – –
15.0 14.5 96.67
30.0 29.4 98,00

Pb2+ –
15.0 14.6 97.33
30.0 29.5 98.33

Nile water Cu2+ –
15.0 14.4 96.00
30.0 29.6 98.67

Hg2+ –
15.0 14.30 95.33
30.0 29.4 98.00

Pb2+ –
15.0 14.4 96.00
30.0 29.6 98.66

Sea water Cu2+ –
15.0 14.30 95.33
30.0 29.2 97.33

Hg2+ –
15.0 14.5 96.67
30.0 29.4 98,00

Pb2+ –
15.0 14.4 96.00
30.0 29.2 97.33
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and in pilot plants. These experiments can be implemented 
to be applied to sewage treatment plants to remove cationic 
and anionic metal ions and textile dyes from wastewater.

Conclusions

In order to find low-cost adsorbents, having pollutant-
binding capacities is highly significant for efficient water 
treatment.

The results of the present study reveal that:

 i. DAC@GuTSC composite may be highly applicable 
adsorbent for the removal of heavy metals from aque-
ous solutions.

 ii. Modification of DAC by aminoguanidine and phenyl 
isothiocyanate significantly increased the nitrogen and 
sulfur-containing groups on the surface of DAC@
GuTSC composite with remarkable change in textural 
properties and surface morphology.

 iii. The adsorption of  Cu2+,  Hg2+ and  Pb2+ was dependent 
on initial concentration, reaction temperature and pH.

 iv. The equilibrium of adsorption process could is well 
described by Langmuir adsorption isotherms, i.e., 
monolayer adsorption on a homogenous surface. The 

Fig. 11  Optical images of a 
Native cellulose powder, b DAC 
oxidized cellulose, c DAC@
GuTSC, d DAC@GuTSC-Cu, 
e DAC@GuTSC-Hg and f 
DAC@GuTSC-Pb
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Fig. 12  FTIR of a DAC@GuTSC and b DAC@GuTSC-Cu(II)
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kinetic studies follow a pseudo-second-order kinetic 
model.

 v. The negative values of (ΔGo) and (∆Ho) thermody-
namic parameters clarify the spontaneous and exo-
thermic nature of the adsorption technique.

 vi. In this study, the prepared DAC@GuTSC adsorbent 
has high removal efficiency of  Cu2+,  Hg2+ and  Pb2+ 
at optimum batch sorption condition with maximum 
sorption capacity of 50, 94 and 55 mg  g−1 for  Cu2+, 
 Hg2+ and  Pb2+, respectively, that was achieved within 
240 min.

 vii. The removal of  Cu2+,  Hg2+ and  Pb2+ from natural 
water samples was successfully applied using DAC@
GuTSC.

 viii. Submersion of the DAC@GuTSC-loaded metals sam-
ples in 5 ml of 0.5 M  HNO3 resulted in the desorption 
of more than 90% of the adsorbed metal ions.

 ix. The uptake of  Cu2+,  Hg2+ and  Pb2+ using such DAC@
GuTSC composite is highly comparable to the previ-
ous commercial adsorbents used for removal of  Cu2+, 
 Hg2+ and  Pb2+.

 x. The mechanism of adsorption was complex where 
DAC@GuTSC composite, possessing the synergistic 
effects of DAC and guanyl thiosemicarbazide, showed 
surface complexation between the N, N- and N, S 
donors of the guanyl thiosemicarbazide moiety with 
metal ions.

Table 11  Comparison of the adsorption capacities of  Cu+2,  Hg+2 and  Pb+2 by DAC@GuTSC with other adsorbents

Metal ion Adsorbent Adsorption capac-
ity (mg  g−1)

Reference

Cu+2 DAC@GuTSC 50 Present work
Microfibrillated cellulose modified with aminopropyltriethoxysilane 3.150 Hokkanen et al. (2014)
Cellulose modified with acrylic acid 17.2 Güçlü et al. (2003)
Cortex banana waste 36.0 Kelly-Vargas et al. (2012)
Citric acid modified cellulose 24 Low et al. (2004)
Pristine nanocellulose 20 Liu et al. (2015)
Peanut shells 25.39 Witek-Krowiak et al. (2011)
Orange peels modified with  HNO3 (0.1 M) 15.27 Lasheen et al. (2012)
Cationic wheat straw 33.5 Zhong et al. (2014)
Tobacco dust as a lignocellulosic source 36.0 Qi and Aldrich (2008)
Pomegranate peel 30.12 Ben-Ali et al. (2017)
Oil palm shell 1.75 Chong et al. (2013)
Rice husk 30.0 Sobhanardakani et al. (2013)

Hg+2 DAC@GuTSC 94 Present work
Bamboo leaf powder as a cellulose source 27.11 Mondal et al. (2013)
Guanyl modified cellulose 48 Khan et al. (2004)
Eucalyptus bark 34.60 Ghodbane and Hamdaoui (2008)
Bacillus subtilis biomass 68.5 Wang et al. (2010)
Silica gel modified with 2-(2-oxoethyl)hydrazine carbothioamide 37.5 3 Chai et al. (2010)
Allium sativum L 0.6497 Eom et al. (2011)
Magnetic nanoparticles doped with 1,5-diphenylcarbazide 44 Zhai et al. (2010)

Pb+2 DAC@GuTSC 55 Present work
Cellulose powder modified with acrylic acid 55.9 Güçlü et al. (2003)
Guanyl modified cellulose 52 Khan et al. (2004)
Nano-TiO2 7.41 Poursani et al. (2016)
Citric acid modified cellulose 83 Mohan et al. (2006)
Cotton as cellulosic biomass 10.78 Wu et al. (2012)
Pine cone powder modified with NaOH(0.01 M) 24.75 Ofomaja and Naidoo (2010)
Cauliflower waste 47.63 Hossain et al. (2014)
Sorghum bicolor L. modified with thiourea 17.82 Ofomaja and Naidoo (2010)
Oil palm shell 3.39 Chong et al. (2013)
Tobacco dust as a lignocellulosic source 39.6 Qi and Aldrich (2008)
S. bengalense extract modified with urea 12.65 Din et al. (2014)
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 xi. In conclusion, the present work well demonstrated the 
potential of this technique for wider applications.
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tary material available at https:// doi. org/ 10. 1007/ s13201- 023- 01948-9.
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