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Abstract 

Hydrous manganese dioxide nanoclusters are prepared by the oxidation of manganese (II) ions with ammonium 

persulfate and used as a new sorbent for Ag+ ion removal from aqueous medium. The synthesized compound is 

characterized using scanning electron microscopy, dynamic light scattering, energy dispersive analysis of X-rays, X-ray 

diffraction and BET surface measurements. Scanning electron microscopy images showed that the synthesized Hydrous 

manganese dioxide nanoclusters include cactus-shaped nanoclusters with uniform needles of average diameter of 36 nm 

and length of 1000 nm. X-ray diffraction data reveal that γ-MnO2 is formed in this method. Batch experiments are carried 

out to evaluate the Ag+ adsorption capacity of Hydrous manganese dioxide nanoclusters. The maximum adsorption 

capacity estimated by the Langmuir model was 81.97  mg g-1 for Ag+. Silver ion adsorption on Hydrous manganese 

dioxide nanoclusters is a fast process and the kinetics followed a pseudo-second-order rate equation. The removal 

efficiency of Ag+ depends on Hydrous manganese dioxide nanoclusters amount, pH and temperature of the solution. The 

presences of Na+, Ca2+ and Mg2+ ions in the concentrations lower than 200 ppm have no significant influence on silver 

ion removal. The adsorbed ions can easily eluted by the small volume of a solution consisting thiourea and hydrochloric 

acid. Finally, the experimental data show that the synthesized Hydrous manganese dioxide nanoclusters can 

quantitatively remove silver ions from real water samples. 
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1. INTRODUCTION 
As the worldwide legislative trends are leading to 

the lowest discharge levels of naturally occurring 

metal ions in effluents, continuous increase of the 

world’s need for most of the metal and metal 

compounds and also the decrease in grade of the 

available ores make it essential to find suitable 

methods to process wastewaters containing metal 
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 چکیده
   های نقره و حذف آن از وسیله محلول آمونیاک پروسولفات تهیه و به عنوان جاذب جدیدی برای یونه ( بІІهای منگنز) اکسیداسیون یوناز  های منگنز دی اکسید نمناک نانوخوشه

 SEMمشخص شد. تصاویر  BETو  DLS ،EDAX، XRD، (SEM) های ترکیب سنتز شده به وسیله میکروسکوپ الکترونی روبشی های آبی استفاده شد. ویژگی محیط

های  باشد. از داده می nm 4111و طول  nm 96 های به قطر  های جوجه تیغی شکل، با سوزن خوشه نمناک سنتز شده، شامل نانو دیاکس یمنگنز د یها نشان داد که نانوخوشه
XRD  معلوم شد که در این روش آلوتروپMnO2-ɣ نمناک دارای ظرفیت جذب  دیاکس یمنگنز د یها ها نشان داد که نانوخوشه ای از آزمایش شود. دسته تشکیل می+

Ag می- 
  و سرعتی   یندهایفرا  نمناک از دیاکس یمنگنز د یها برآورد شد. جذب یون نقره بر روی نانوخوشه mg.g-1 14/39 زیمم جذب بوسیله مدل النگمیر برای یون نقره کباشد. ما

 +Na+ ،Ca2های  و دمای محلول بستگی دارد. در حضور یون pHنمناک به مقدار  دیاکس یمنگنز د یها ثر در حذف یون نقره از روی نانوخوشهؤکند. عوامل م می  پیروی سینتیکی 

ره و هیدروکلریک اسید اوشده، به آسانی با حجم کوچکی از یک محلول تیو های جذب داری برای حذف یون نقره نداشت. یون تاثیر معنی ppm211تر از  با غلظت پایین +Mg2و 
 های واقعی استفاده کرد. نمناک سنتز شده، برای حذف یون نقره از نمونه آب دیاکس یمنگنز د یها توان از نانوخوشه های آزمایشات نشان داد که می داده شسته شد. سرانجام 

 

 های کلیدیواژه
 .نقره ونیحذف  ؛نانوجاذب یی؛ایمیش ونیداسیاکس ؛آبدار دیاکس یمنگنز د یها نانوخوشه
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ions, even at very low concentrations. On the 

other hands, environmental regulations on the 

discharge of heavy metal ions and rising demand 

for clean water with extremely low level of heavy 

metal ions make it greatly important to develop 

different efficient methods for heavy metal ions 

removal from waters. Conventional treatment 

processes like chemical precipitation, ion 

exchange, coagulation and flocculation, 

electrodialysis, flotation and electrochemical 

removal have significant disadvantages like 

incomplete removal, high-energy requirements, 

and production of toxic sludge [1]. Among the 

above mentioned different methods, adsorption of 

heavy metal ions on the surface of solid materials 

is one of the most recommended physicochemical 

methods  commonly used for heavy metal ions 

removal from water and wastewater. Adsorption 

is attractive due to its merits of efficiency, cheap 

and simple operation [2]. The common sorbents 

include zeolites, clays, biomass, activated carbon 

and polymeric materials [3] have low adsorption 

capacities. Therefore, finding of new promising 

sorbents  are interested and very important in 

research. Adsorption can be carried out based on 

the utilization of solid sorbents from either 

organic, inorganic, biological or mineral 

compounds [4-5]. 

Nano-sorbents can be one of the promising ways 

for a novel environmental purification technique 

because of producing little or no flocculants and 

having capability of treating large amounts of 

water and wastewater within a short time. There 

are only limited researches on the application of 

nanomaterials without surface modification in the 

environmental area [6-19]. 

Among the available sorbents, metal oxide 

nanoparticles, including iron oxides, manganese 

oxides, magnesium oxide, aluminum oxide, 

titanium oxides, and chromium oxides, are 

classified as the promising sorbents for heavy 

metals removal from water and wastewater [6–8]. 

This is related to their large surface areas and high 

activities caused by the size-quantization effect 

[9-10]. Recent reports suggest that many metal 

oxides exhibit very favorable sorption to heavy 

metals in terms of high capacity and selectivity, 

which would result in deep removal of toxic 

metals to meet increasingly strict regulations [11]. 

Among of nanomaterials, magnetite [12-13], 

hematite [14] and maghemite [15-17] 

nanoparticles have been applied to the removal of 

different heavy metal ions. 

Adsorption of trace heavy metals by manganese 

oxides has been investigated intensively for a long 

time [18-19]. It has been showed that manganese 

oxides adsorb trace heavy metals more strongly 

than most other sorbents. Recent studies indicate 

that manganese dioxide is an effective sorbent in 

the removal of heavy metals from aqueous 

solution due to its high adsorption capacity and 

selectivity [20–30]. Apart from its excellent heavy 

metal uptake capacity, manganese dioxide is also 

considered to be an economical and easily avail-

able sorbent in the environment. Nevertheless, 

there is no report about the application of manga-

nese dioxide nanostructures for removal of silver 

ion from water. 

Silver ion is one of the precious heavy metal ions 

that have significant roles in many parts of human 

life. Silver ion is widely used in the production of 

photographic film. Moreover, it is a functional 

raw material in development of mirroring, electro-

plating, catalyst, antimicrobial materials, batteries 

and, coinage, medication industries due to its 

excellent properties such as malleability, ductility, 

electrical and thermal conductivity, photosens-

itivity and antimicrobial. Therefore, there are 

several sources of entry silver ion pollution in 

water and wastewaters. The contact with soluble 

silver compounds may create some toxic effects 

such as liver and kidney damage, irritation of the 

eyes, skin, respiratory, and intestinal tract, and 

changes in blood cells [31]. The World Health 

Organization (WHO) classified soluble silver ions 

as hazardous substance in water systems and 

limited its concentration level in drinking waters 

lower than 100 µg L
-1 

[32]. So, there is a 

requirement to develop an effective way for the 

elimination of silver ions from aqueous solutions. 

A variety of techniques such as ion exchange [33-

34], electrolysis [35], membrane separation [36] 

and biosorption [37] have been used for the 

remediation of silver ions from different pollution 

sources. Because of low cost and simplicity, 

adsorption methods have also been widely used 

for removal of silver ions. Several new 

adsorbents, including activated carbon [38], 

chelating resins [39], polymeric materials [40], 

micro and nano-sized functional spheres [41-42], 

colloidal carbon nanospheres [43] have been 

investigated to eliminate silver ions from aqueous 

solutions. An adsorbent must be cheap, available 

and efficient in the removal of silver ions. 

Therefore, it is interested to look for low-cost 

sorbents that could replace synthetic ion exchange 

resins or other expensive materials. 

In the previous study, we presented a low 

temperature hydrothermal method to prepare 

uniform cactus-shaped hydrous manganese 

dioxide nanoclusters (HMDNC) [44]. In current 

study, we used the previous reported method to 

synthesize HMDNC. The synthesized HMDNC 

were additionally characterized (with respect to 

the previous report) and applied as nano-sorbents 

for the removal of silver ions from water. The 
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experimental conditions of adsorption of silver 

ions on the surface of the synthesized HMDNC 

were evaluated, and the applicability of HMDNC 

in silver ions removal from water was evaluated 

in view of the adsorption kinetic and capacity. 

 

2. EXPERIMENTAL 

2.1. Materials Reagents 

All chemicals were of analytical grade and used 

without further purification. All solutions were 

prepared with double distilled water. Stock 

solutions of manganese sulfate (0.8 M) and 

ammonium persulfate (0.7 M) in sulfuric acid (0.8 

M) were prepared freshly. The adsorption 

experiments were conducted using water spiked 

with Ag
+
 ions. The stock solutions containing 50 

ppm of silver ions were prepared by dissolving 

appropriate amounts of AgNO3. 

 

2.2. Instrumental 

The morphology and the particles sizes of the 

manganese dioxide samples were studied by a 

LEO scanning electron microscopy (1455 VP 

model, England). A Philips X´Pert diffractometer 

with Cu (Kα) radiation (λ = 0.15418 nm) was 

used to study the phase composition and the 

particles sizes of manganese dioxide samples. The 

temperature of the synthesis solutions was kept 

constant by a water bath (Pars Azma Co., Iran). 

Surface area, pore size and pore volume were 

analyzed by Brunauer–Emmett–Teller (BET) 

(model no. AS1C-9) surface area analyzer 

(Quantachrome Instrument Corp.). Nitrogen 

adsorption data were taken at five relative 

pressures at 77 K to calculate the surface area by 

BET theory. Dynamic light scattering measure-

ments to determine size distribution were 

performed by ZEN 3600 (Molvern Co.). 

Each measurement was performed in an aqueous 

solution with a constant ionic strength of  0.01M 

KNO3, pH was adjusted by adding drops of 

NaOH or HNO3 solution. The metal ions 

concentration were determined by a Sens AA 

model flame atomic absorbtion spectroscopy 

(FAAS) from GBC Co. (Australia). For 

confirming the obtained data via the proposed 

method, Nex ION 300D ICP-MS was used to 

analyze the real samples. 

 

2.3. Procedure 

2.3.1. Synthesis procedures 

The synthesis procedure was exactly similar with 

the previous report [44]. γ-MnO2 was synthesized 

by low temperature hydrothermal method as 

following. Reagent grade manganese sulfate 

(MnSO4) and ammonium persulfate ((NH4)2S2O8) 

solutions were used as the precursors. The equal 

volumes of MnSO4 (0.8 M) and (NH4)2S2O8 (0.7 

M) solutions containing 0.8 M sulfuric acid were 

heated to reach the desired temperature (80 ºC). 

The obtained solutions were mixed in constant 

temperature to form hydrous MnO2 during 1 h. 

After reaction completion, the precipitate was 

separated from the solution, washed with water 

and ethanol and dried at room temperature. 
 

2.3.2. Adsorption experiments 

50 mg HMDNC sorbent was added into the 50 ml 

of 10 ppm silver ion solution in adjusted pH  and 

room temperature (25 ºC). After a period of time, 

the sorbent was separated from the solutions using 

a cellulose acetate membrane filter, and the final 

metal ions concentrations (non adsorbed ions) 

were determined by the flame atomic absorption 

spectroscopy (FAAS). 

The effects of all efficient parameters such as pH, 

retention temperature, sorbent weight, Ag
+
 

concentration, sample volume, mixing time of 

nanosorbent with sample solution (equilibrium 

time), and eluent type and concentration were 

fully investigated and optimized by the "one at a 

time" method. 

The adsorbed amount of metal ions onto the 

HMDNC sorbent was calculated according to the 

following equation (Eq. 1): 

Removal efficiency(%) =
100



i

fi

C

CC     (1)                                                    

Where, 
iC (ppm) and 

fC  (ppm) are initial 

concentrations and the concentration of heavy 

metal ions after adsorption, respectively. The 

equilibrium adsorption capacity, eq (mg g
-1

) of 

heavy metal ions was calculated using the mass 

balance equation (Eq. 2): 

m

VCC
q ei

e

)( 
                           (2)   

Where, 
iC (ppm) and 

eC  (ppm) are initial 

concentration and equilibrium concentration of 

metal ions, respectively; V (ml) is the sample 

volume, m (mg) is the mass of HMDNC 

nanosorbent. 

 

2.3.3. Effect of equilibration time 

The effect of contact time on metal ion adsorption 

was studied in different time intervals ranging 

from 1 min to 120 min with the initial metal ions 

concentration of 10 ppm. After completing of the 

treatment, conical flasks were taken out and the 

HMDNC sorbents were separated followed by the 

determination of the residual metal ions 

concentration. 

 
2.3.4. Effect of initial metal ions concentration 

Adsorption isotherms were obtained by 

equilibrating HMDNC sorbent with metal ion 
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solutions of different initial concentrations of 1– 

100 ppm for 30 min. After separation, the final 

concentrations of metal ions in the solutions were 

measured. 

 

2.3.5. Effect of pH 

Adsorption behaviors of  10 ppm Ag
+
 and 30 min 

equilibration time were studied as a function of 

pH. The initial pH values were adjusted from 1 to 

8, using 0.1 M HNO3 or NaOH solution. After 

contacting for 30 min, the suspensions were 

separated and the residual metal ions 

concentrations were analyzed. 
 

2.3.6. Desorption studies 

After optimizing of adsorption experiments, the 

elution step is studied. Some solvents such as 

HNO3, HCl, HNO3+HCl and HCl+thiourea (with 

different concentrations) were examined as eluent 

for desorption of the adsorbed ions in 1 ml 

volume. 

 
2.3.7.  Application in real samples 

The presented method was used to determine the 

silver contents of some real water samples which 

were sampled from Tekab industrial zoon (Iran). 

To determine the Ag+ concentration in real 

waters, 50 mg HMDNC powder was added to 500 

ml real water followed by mixing in 500 rpm for 

1 h. The sorbent nanoparticles were filtered and 

the adsorbed ions eluted by 1 ml HCl + thiourea 

as eluent solution. The silver ion concentration in 

the eluted solution was determined. The desorbed 

amount of silver ions was calculated according to 

the following equation (Eq. 3): 

Sample concentration (ppb) = 1000


i

ff

V

VC    (3)          

Where, 
iC (ppb) and 

iV (ml) are initial 

concentration and initial volume of real sample. 

fC  (ppm) and 
fV are the final concentration  

and final volume of the eluted solution, 

respectively. 

 
3. RESULTS AND DISCUSSION 

3.1. Properties of prepared HMDNC 

To insure about the similarity of the synthesized 

HMDNC with the previous report [44], the 

morphology, particles sizes and the composition 

of the sample were again characterized by SEM, 

XRD, and additionally by BET and DLS. Fig. 1 

shows the SEM images of the synthesized sample. 

As it is obvious in Fig. 1, the morphology and the 

particles sizes of the sample are the same as in the 

Ref. [44]. The SEM images illustrated that the 

synthesized HMDNC were cactus- shaped 

nanoclusters including needles with average 

diameter of 36 nm and average length of 1000 

nm. 

The specific surface area of the prepared 

HMDNC was determined by the nitrogen 

adsorption analysis (BET method). Sample was 

degassed at 100 ºC for 1 h under vacuum prior to 

analysis. 

The nitrogen adsorption- desorption isotherms on 

the surface of the synthesized HMDNC are 

showed in Fig. 2. By using BET method, the 

surface area of HMDNC sorbent was found to be 

210.4 m
2
 g

-1
. BET results showed that the 

synthesized HMDNC has bigger surface area with 

respect to the previous reported manganese 

dioxide nanoparticles [45-47]. Such high surface 

area can be considered to be efficient through the 

adsorption process. In addition, the HMDNC 

sorbent posses high pore volume of 0.21 cm
3
 g

-1
 

and an adsorption average pore width of 65.1 nm. 

 

 

 
Fig. 1. SEM images of the synthesized HMDNC in two 

magnifications of 3000 (a) and 10000 (b). 

 

Fig. 2. BET analysis of the synthesized HMDNC based 

on the adsorption/desorption of N2 gas. 

 

The position of the XRD peaks show good 

agreement with those of γ-MnO2 as Ref [44]. 
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Therefore, the XRD patterns are not shown in this 

paper. The synthesized HMDNC was studied by 

FT-IR spectroscopy. The FT-IR spectrum showed 

that the synthesized sample includes many 

hydroxyl groups in the surface of particles (a wide 

and big peak in 3400 cm
-1

 is related to hydroxyl 

functional group). Therefore, the synthesized 

sample is in hydrous form. To determine the 

distribution range of particles sizes, the HMDNC 

sample was analyzed by DLS. Fig. 3 shows the 

DLS diagram for the HMDNC sample. As it can 

be seen in Fig. 3, there are two zones for size 

distribution. First zone starts from 20 to 80 nm 

(average: 55nm) which it is related to the 

diameter of needles. Second zone is related to the 

diameter of the cactus shape particles which starts 

from 1000 to 1500 nm (average: 1300 nm). 

 

Fig. 3. Size distribution diagram for the synthesized 

HMDNC obtained by dynamic light scattering 

technique (DLS); in the range of 0 to 90 nm (a) and in 

the range of 700 to 2000 nm (b). 

 

3.2. Adsorption study 

3.2.1. Adsorption kinetics 

In kinetic study, 50 mg HMDNC was added into 

50 ml solutions of Ag
+
 10.0, 20.0, 30.0 and 40.0 

ppm, respectively. The pH was kept at 5.0 ± 0.1 

and the mixture was mixed at 500 rpm. The 

samples were taken at different interval times, 

filtered through a 0.45 μm membrane and 

analyzed for the Ag
+
 concentrations by an atomic 

absorption spectrophotometer. The results of 

adsorption investigations carried out as a function 

of contact time (mixing time),  were presented in 

Fig. 4. Based on the experimental data the contact 

time of 30 min was chosen for further 

experiments. As Fig. 4a shows, the removal of 

Ag
+
 ions by the HMDNC sorbent with 

efficiencies more than 95% took place during 20 

min, this time is faster than those of the previous 

reports for Ag
+
, 50 min [48,49] and 120 min [50].  

For kinetic studies, the pseudo first-order and 

pseudo second-order models were investigated 

and the experimental data showed that the pseudo 

second-order model is more consistent with the 

data. The pseudo-second order equation assumes 

that the adsorption process involves 

chemisorption mechanism and the rate of site 

occupation is proportional to the square of the 

number of unoccupied sites [51]. If the rate of 

adsorption is a second order mechanism, the 

pseudo-second order chemisorption kinetic rate 

equation will be as following (Eq. 4): 

2

2 )( te

t

p
qqk

d

d
          (4)                                                                           

where k2 is pseudo-second order rate constant (g 

mg
-1

 min
-1

). After integrating at boundary 

conditions (t = 0 and q = 0), the following 

equation will be obtained: 

eet q

t

qKq

t


2

2

1             (5)                                                                                  

where k2 (g mg
-1

 min
-1

) is the rate constant. qe 

(mg g
-1

) and qt (mg g
-1

) are the amounts of metal 

ions adsorbed at equilibrium time and at any time 

(t), respectively. In order to determine the rate 

constant of pseudo-second order model, the 

adsorption data during 50 min was used for 40 

ppm Ag
+
 solution. The linear plots of t/qt vs. t 

obtained for the adsorption of Ag
+
 onto HMDNC 

sorbent at different solution temperatures were 

shown in Fig. 4b. The R
2
 values and the pseudo-

second-order model parameters were shown in 

Table 1. 

 
Table 1. Kinetic parameters obtained from pseudo-

second-order model applied for the adsorption of Ag+ 

onto MDNC. 

Temperature 

(oC) 

K2  

(g mg-1 min-1) 

qe  

(mg g-1) 

R2 

10 0.373 1.242 0.999 

20 0.455 0.934 0.999 

30 0.600 0.779 0.999 

40 0.500 0.688 0.999 

 

3.2.2. Isothermal Studies 

Silver ion removal performance of HMDNC was 

investigated as a function of the initial silver ion 

concentration (from 1 ppm to 100 ppm) at a pH 

value of 4.0. In this study, the adsorption time 

was fixed at 30 min because the adsorption of Ag
+
 

ions onto the HMDNC sufficiently reached an 

equilibrium state for 30 min based on the data of 

Fig. 4a. Fig. 5 shows the effect of initial ion 
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concentration and initial sample volume on the 

removal efficiency. As it can be seen in Fig. 5a, 

the removal of Ag
+
 ions at concentration of 80 

ppm and lower is complete. By increasing metal 

ion concentration from 80 to 100 ppm, removal 

efficiency decreases. This concept can be related 

to this fact that the surface cites of HMDNC are 

occupied at higher concentration. With respect to 

the 50 ml sample volume, the adsorption capacity 

is estimated 80 mg (Ag) g
-1

 (HMDNC). 

Fig. 4. (a) Effect of contact time on the silver ions 

removal efficiency at different initial concentrations of 

Ag+ and (b) Linearized pseudo-second order kinetic 

curves for the silver ion adsorption on the surface of 

HMDNC at pH=5.0 and four temperatures (10, 20, 30 

and 40 ºC). 

 

 

 
Fig. 5. Effects of initial concentration of silver  ion (a)  

and  initial  volume  of  silver  ion   solution  (b) onthe  

removal efficiency. 
 
To obtain Fig. 5b, 2.50 mg silver ion was 

dissolved in different volumes. As Fig. 5b shows 

that the silver ion removal at sample volumes of 

500 ml and lower is more than 95%. By 

increasing the sample volume from 500 to 600 ml, 

the removal efficiency decreases. Increasing 

sample volume causes to decrease the equilibrium 

concentration of metal ions in the solution so that 

the equilibrium removal will be decreased. When 

the same number of metal ions is distributed in 

two different volumes, the distance between ions 

in large volume is more so, the ion removal in 

small volume of solution will be easier. To 

determine the adsorption capacity of HMDNC 

towards silver ions, adsorption studies over a 

large initial concentration range from 80 to 180 

ppm were carried out. These initial concentrations 

make silver ion concentrations in the range of 0 to 

100 ppm in the equilibrium state. The maximum 

adsorption capacity of the HMDNC sorbent for 

silver ions was evaluated using the adsorption 

isotherms. Langmuir and Freundlich isotherm 

models were applied for isotherm adsorption 

analysis of the obtained adsorption data. In the 

Langmuir model, it is assumed that all the 

adsorption sites of the sorbent have an identical 

binding energy and each site binds to only a 

single ion [52]. The linearized Langmuir isotherm 

is given as: 

m

e

me

e

q

C

bqq

C


1       (6)    

Where, qe is the equilibrium adsorption capacity 

of sorbent for metal ions in mg g
-1

, Ce is the 

equilibrium concentration of metal ions in ppm, 

qm is the maximum amount of metal ions 

adsorbed in mg g
-1

, and b is the constant that 

refers to the bonding energy of adsorption process 

in L mg
-1

. The constants b and qm can be 

determined from the intercept and slope of the 

linear plot Ce/qe versus Ce. On the contrary, the 

Freundlich model is based on a reversible 

heterogeneous adsorption; heterogeneity of 

binding energies of adsorption sites [39]. The 

linearized Freundlich isotherm can be given as 

following: 

efe C
n

kq log
1

loglog            (7)                                                           

where qe is the equilibrium adsorption capacity of 

the sorbent in mg g
-1

, Ce is the equilibrium 

concentration of silver ions in ppm, Kf is the 

constant related to the adsorption capacity of the 

sorbent in ppm, and n is the constant related to the 

adsorption intensity. The constants n and Kf can 

be determined from the slope and intercept of the 

linear plot logqe versus logCe. The quantitative 

relationship between initial silver ion 

concentration and the adsorption capacity was 

analyzed with two different isotherm models. The 

Langmuir isotherm was better fit with the 

experimental data. Therefore, only Langmuir 

isotherm was shown in Fig. 6. 
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Fig. 6. Linearized Langmuir isotherm for the 

adsorption of silver ions on the HMDNC surface at  

pH=5.0 and T=25 ºC. 
The calculated correlation coefficients (b and qm) 

and linear regression coefficient (R
2
) values for 

Langmuir model are -0.37 (L mg
-1

), 81.97 (mg g
-

1
) and 0.99, respectively. Based on the Langmuir 

model, adsorption capacity of Ag
+
 ions by 

HMDNC was calculated 81.97 mg g
-1

. The 

capacity was determined for single-solute system. 

The adsorption efficiency of HMDNC for Ag
+
 in 

a multi-solutes system consisting Fe
2+

, Pb
2+

, Zn
2+

, 

Ni
2+

, Cd
2+

 and Cu
2+

 with the 200 ppm initial 

concentrations were determined. The contact time 

and filtering and concentration determination 

were the same as single-solute system. Analytical 

concentrations of the silver ions in the filtrate 

solution (Cf) were used to calculate the adsorption 

values based on the following equation: 

50

)(1000 fi

mix

CC
q


           (8)                                                          

Where, qmix (mg g
-1

), Ci (ppm) and Cf (ppm) are 

the adsorption value, initial concentration and 

final concentration of the proposed ion in the 

multi-solute system, respectively. The adsorption 

value Ag
+
 ions in the presence of  Fe

2+
, Pb

2+
, 

Zn
2+

, Ni
2+

, Cd
2+

 and Cu
2+

in the multi-solute 

system were calculated as 67 mg g
-1

. Comparing 

of the capacity values in multi-solute system with 

the calculated adsorption capacities in single-

solute system shows that the presence of several 

different ions in the initial solution decrease the 

maximum adsorption of silver ion from 81.97 to 

67 mg g
-1

. 

 

3.2.3. Effect of pH 

To determine the point of zero-charge (PZC) for 

HMDNC, seven samples with pH of 2, 3, 4, 5, 6, 

7 and 8 were prepared by adding HNO3 or NaOH 

solutions. To each solution, 100 mg HMDNC was 

added and mixed for 30  min at 500 rpm. The 

final pH is determined for each sample. Fig. 6a 

shows the results of these studies. The data 

presented in Fig. 7a shows that the surface of 

HMDNC particles are charge free at pH = 4. At 

higher pH, the surface of HMDNC particles 

include negative charge and at lower pH, they 

have positive charge. 

The influence of sample pH on the silver ion 

removal is experimentally studied. The silver ion 

removal in the above mentioned pH was 

examined. Fig. 7b shows that the silver ion 

removal at pH range of 4-7 is complete. Based on 

the zero-charge pH studies, silver ions can be 

taken by negatively charged sites of HMDNC. 

The removal experiments should be done at pH 

lower than 6 because, silver hydroxide 

precipitation can be formed at alkaline pH. 

 

3.2.4. Effect of temperature on the metal ions 

removal 

Based on the previous reports about metal ions 

removal by metal oxides, ion removal efficiency 

depends strongly on the solution temperature [53-

54]. Therefore, removal of silver ions from 

aqueous solutions was done at five temperatures 

of 10, 20, 30, 40 and 50 ºC. Fig. 8 shows that how 

temperature changes the silver ion removal 

efficiency. 

 

 
Fig. 7. Determination of PZC for the HMDNC (a) and 

relationship between the initial pH values and the 

efficiency of silver ion removal (b). 

 

 
Fig. 8. Effect of solution temperature on the silver ion 

removal efficiency by HMDNC sorbent at pH=5.0 and 

T=25 ºC, sample volume 50 ml and HMDNC weight 50 

mg. 
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Adsorption of silver ions on the surface of 

HMDNC was slightly decreased by elevation of 

solution temperature, which implied the 

exothermic nature of the Ag
+
 ion sorption on 

HMDNC particles. This fact can be evaluated by 

the thermodynamic parameters, such as the 

change of Gibbs free energy of sorption (∆G), the 

heat of sorption (∆H), and the standard entropy 

change (∆S) were calculated according to the 

van’t Hoff equation [55]. The calculated 

thermodynamic parameters were summarized in 

Table 2. The negative ∆H and ∆G shows the 

process was essentially an exothermic and 

spontaneous one. 

 
Table 2.  Thermodynamic parameters of Ag+ 

adsorption onto HMDNC surface. 

Temperature 

(°C) 

ΔG  
(kJ mol-1) 

ΔH  
(kJ mol-1) 

ΔS 
(J mol-1 K-1) 

10 -22.11 -11.64 49.14 

20 -25.87  58.83 

30 -27.17  64.75 

40 -29.08  67.31 

 

3.2.5. Removal efficiency in the presence of other 

ions 

Concentrations of group IA and IIA metal ions in 

major real samples are higher than heavy metal 

ions. Therefore, we investigate the effect of 

potassium (as example of IA metal ions), calcium 

(as example of IIA metal ions) and some heavy 

metal ions such as Fe
2+

, Pb
2+

, Zn
2+

, Ni
2+

, Cd
2+

 and 

Cu
2+

 with different concentrations (Fig. 9). 

 

 
Fig. 9. Effects of some interfering ions on the silver ion 

removal by HMDNC. 

 

As it can be seen in Fig. 9, the silver ion removal 

in the presence of sodium ions with any 

concentration is complete. The other studied ions 

can slightly affect on the silver ion removal 

efficiency. Therefore, silver ions can selectively 

removed by HMDNC in the presence of different 

ions. Based on the obtained data, the following 

order shows the interfering amounts of the 

investigated ions on the Ag
+
 removal: 

Ag+ >˃ Pb2+ > Cd2+ ˃ Fe2+ ˃ Cu2+ ˃ Ni2+ ˃ Zn2+ ˃ Ca2+ 

The concentrations of not adsorbed sodium and 

calcium ions were determined by ICP- atomic 

spectroscopy. The analytical results showed that 

the sodium and calcium ions concentrations on 

the filtrate solution were 199 and 195 ppm, 

respectively. The adsorption percentages for 

sodium and calcium ions were 0.5 % and 2.5 %, 

respectively. In a separate experiment, a 50 mg 

HMDNC was added to a 50 ml solution 

consisting 50 ppm sodium and 50 ppm calcium. 

The removal efficiencies of sodium and calcium 

ions were calculated as those of silver ions. The 

experimental data showed that the removal 

efficiencies for sodium and calcium in diluted 

solution were 0.2% and 1.5%, respectively. The 

obtained results showed that the IA and IIA metal 

ions cannot considerably adsorbed on the 

HMDNC and also they are not effective inhibitors 

for adsorption of silver ions on the surface of 

HMDNC. Therefore, HMDNC can be used as 

effective sorbent for silver ions in all water 

samples which includes alkaline and earth 

alkaline metal ions. 
 

3.3. Elution of the adsorbed silver ions 

The elution power of some ordinary solvents such 

as Ammonia solution, HCl, HNO3 and HCl + 

HNO3 solutions, and some organic solvents such 

as ethanol, chloroform, acetonitrile, dimethyl 

formamide (DMF) and acetone were examined. 

Any of the examined solvents could not 

quantitatively make desorption the adsorbed silver 

ions. Thiourea can be used as a ligand to form a 

complex with heavy metal ions such as silver 

ions. Therefore, thiourea as complex agent was 

added to HCl solution. The mixed solutions 

including 3 M HCl and different concentration of 

thiourea were examined. Fig. 10 shows the effect 

of thiourea concentration on the silver ion 

recovery. As it can be seen in Fig. 10, HCl 

solution consisting at least 6 %wt thiourea can 

completely recover the silver ions.  

 

Fig. 10. Effect of thiourea concentration on the 

recovery of adsorbed silver ions. 

 
Experimental results showed that the eluent 

consisting more concentrations of thiourea than 6 
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%wt can slightly dissolve the HMDNC so that, 

the recovery decreases and the HMDNC sorbent 

can be used only a few times. To calculate 

reproducibility of adsorption/elution processes, 50 

mg HMDNC was used to adsorb 50 ppm silver 

ion from 50 ml solution. After collecting the 

HMDNC particles, these nanomaterials were 

washed by distilled water to remove the trapped 

solvent molecules for three times. Finally, the 

adsorbed ions were recovered by HCl + thiourea. 

In second time, the washed nanomaterials were 

again used to remove silver ions from another 50 

ml solution. These experiments 

(adsorption/elution/washing) were repeated for 5 

times. The obtained results were summarized in 

Table 3. As it can be seen in this table, the 

capacity of HMDNC sorbent decreases when the 

sorption/desorption cycles increases so that the 

proposed sorbent is not reusable more than 3 

times because, a part of nano- sorbent is dissolved 

in HCl solvent in each elution. 

 
Table 3. Effects of adsorption/desorption cycles of 

silver ions on the removal efficiency. 

Cycle No. 1 2 3 4 5 

Removal % 99 95 90 80 70 

 

3.4. Application in real samples 

To evaluate the accuracy of the presented method 

in real samples, four real waters were collected 

from four industrial zones in Iran. For each 

sample, 50 mg HMDNC was added to 500 ml un-

spiked sample. The sample was mixed for 30 min 

at 500 rpm mixing rate. The HMDNC particles 

were filtered and washed with distilled water. 

Finally, the adsorbed ions were eluted by 3 ml 

solvent (3 M HCl + 8 %wt thiourea).  The silver 

ion concentration was determined by atomic 

absorbtion spectroscopy. Based on the silver ion 

concentration in the eluted solution, its 

concentration in initial sample was calculated.  

Comprehensive analysis of all samples was done 

by ICP-Mass Spectroscopy (ICP-MS). Table 4 

summarizes the obtained results. The 

experimental data shows that the presented 

method can be used as a powerful analytical 

technique to determine the silver ion 

concentration in real waters. 
  

Table 4. Comprehensive analysis of four real water 

samples from four zones in West Azarbayejan state by 

the proposed method and ICP-MS (replicates = 3). 
Zoon Aghdarreh Tekab Takhte 

Soleyman 

Zareh 

Shooran 

Proposed 

method 

4.48± 

0.08 

1.4± 

0.02 

1.02± 

0.02 

9.30± 

0.20 

ICP-MS 4.40± 

0.20 

ND* ND 9.00± 

0.20 

*ND = Not detectable 

CONCLUSIONS 

Crystallized hydrous manganes dioxide 

nanoclusters (HMDNC) in cactus shape can be 

synthesized by the low temperature hydrothermal 

method. HMDNC is a potential and fast sorbent 

for the removal of silver ions from polluted water. 

Silver ion removal by HMDNC is depends 

strongly on pH and solution temperature. Basen 

on the experimental data, silver ion adsorption on 

the HMDNC can be explained by the Langmuir 

isotherm. The adsorbed ions on the HMDNC 

surface can be eluted by acidic solution of 

thiourea. Therefore, HMDNC can reused for the 

silver ion removal for several times. 
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