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ABSTRACT: In this article we report the removal of Pb, Ni and Cu using a hydrogel made with hydroxypropyl cellulose (HPC) and

polyacrylamide (PAAm). The hydrogel successfully removed those metals, as shown by the results of atomic absorption spectroscopy;

the polymer removed 53% of Pb, 52% of Ni and 51% of Cu. Different pHs were tried for these polymers. The highest metal removal

was found at 408C. The adsorption kinetics fitted Langmuir and Freundlich isotherms. Metal particles were detected on the hydrogel

with electron microscopy and energy–dispersive X–ray spectroscpy, confirming that the gel removed the metals from the testing solu-

tions. This polymer is a good option for treating wastewater and industrial waters as it removes metals and is composed of nontoxic

materials. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43285.
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INTRODUCTION

Water is essential for life and is a very important asset in cur-

rent life, as it is used in domestic and industrial processes. Due

to the importance of water, the limited amount of freshwater,

and the growing world population, the treatment of wastewater

is of great importance, as it can be recycled or safely disposed

to the environment. Heavy metals are among the pollutants of

freshwater, as they are dangerous to health,1 this problem has

become a priority in water treatment.2 Lead is one of the heavy

metals found in water, it is a dangerous element as it is neuro-

toxic and harmful to health.1 Other elements often found in

water are nickel3 and copper.4,5

Hydrogels are materials that have the ability of absorb and

desorb water. During the water absortpion process, hydrogels

can also adsorb water soluble species and retain them on the

surface. This characteristic can be used for treating waste–water

and remove pollutants from it,4 by means of an adsorption pro-

cess. Many papers deal with the issue of heavy metals in water.

Usually they focus on the synthesis of materials that can remove

heavy metals from water in a safe manner.6–9 Heavy metals

form coordination complexes with electron rich atoms, as nitro-

gen, oxygen, sulfur, etc.,10 this makes some hydrogels suitable to

remove heavy metals from wastewater, forming a chelate.4

This research shows the use of a hydrogel made with polyacryl-

amide (PAAm) and hydroxypropyl cellulose (HPC) for the

adsorption of lead, copper, and nickel metallic ions in aqueous

solution. Polysaccharides, as HPC, have been reported on the

literature to remove heavy metals from aqueous solutions.4,11,12

Previous work reported these gels,13,14 and described their char-

acteristics and properties such as their lower and upper critical

solution temperatures.

The use of HPC and PAAm guarantees the adsorption of metals

due to the capacity of both chemicals for forming chelates with

metals, making composites of those materials an option of use

in the pharmaceutical industry, as well as in the removal of

metals from wastewater. Although there are papers using com-

posites of these polymers for drug release,15,16 or similar com-

pounds for mucoadhesive films,17 there are no papers using

these composites for metal removal. PAAm is a polymer having

a very high water absorbing capacity; this quality makes PAAm

a suitable material for both water and metal adsorption.5 HPC

is a polymer derived from cellulose, it is nontoxic, readily avail-

able,18,19 it is used as food additive and also in the pharmaceuti-

cal industry. HPC has the ability to change its water absorption

capacity, due to the presence of a lower critical solution temper-

ature and forms chiral nematic phases.20 Cellulose, the material

from which HPC is derived, also forms chiral nematic
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phases.21–25 The results presented in this study show that the

HPC/PAAm gel can adsorb Pb, Ni, and Cu from test solutions

and keep it on the surface after drying. The polymer showed a

high metal adsorption capacity, thus making it suitable for

water treatment.

EXPERIMENTAL

Materials and Synthesis

Totally, 2 g of HPC (Aldrich Mn 10,000 g/gmol, MS 3.6) were

dissolved in 20 mL of deionized water (DI) for 15 h. 2 g of

acrylamide (AAm, Aldrich, 97%) were added, and the solution

was stirred until complete dissolution was achieved. At the

beginning of the reaction, 8 mL of water containing 2 mg of

methylenebisacrylamide (MBAm, Aldrich, 99%) and 40 mg of

ammonium persulfate (APS, Sigma-Aldrich, 98%) were added.

Then, 40 mg of tetramethylethylenediamine (TEMED, Sigma-

Aldrich, 99%) dissolved in 8 mL of water and 0.36 g of vinyl

sulfone (DVS, Aldrich, 97%) were injected, and the mixture was

allowed to react for 3 h at 408C in an inert atmosphere with

constant stirring. After the desired reaction time, the solution

was poured on silicon Petri dish, and it was allowed to dry at

408C under vacuum, rinsed with DI water, and allowed to dry

again13,14 under vacuum. The synthesis is resumed in the

scheme in Figure 1.

Characterization

The adsorption of metals was evaluated by means of Atomic

Absorption using a spectrophotometer GBC model 932AA. The

heavy metal solutions were prepared at a concentration of 10

ppm of each aforementioned material. They were mixed for a

few hours, and the conditions of pH and temperature were set

in the experiment. 1 g of absorbent hydrogel sample was added,

and then 10 mL aliquots were taken and analyzed in the atomic

absorption spectrophotometer. Microscopic studies of the gel

were carried out at room temperature with a Hitachi STEM S–

5500 using an elemental detector Bruker X Flash 4010, the sam-

ples were observed with the STEM on carbon tape; the samples

observed on the SEM were those dried samples after adsorption

at pH 4 and 408C, except for Pb, that was observed after

adsorbing at pH 4 and 258C.

Adsorption Experiments

A stock solution of each metal, Pb(II), Ni(II), Cu(II) (Accue

Standard, 1000 ppm diluted in 2% nitric acid solution) was

diluted to 10 ppm solution, adjusting the pH to the desired

value.

The gels were left to absorb water containing the metals. A sample

of the gel was cut (measuring 1.0 cm 3 1.3 cm),26,27 and deposited

in the solution to be analyzed. The metal content was analyzed with

the aforementioned Atomic Absorption spectrophotometer.

With the data obtained, Freundlich and Langmuir adsorption

models were tried.28 The equilibrium isotherms are used in

order to determine the biosorbent capacity for the metallic

ions. The relationships between the quantity of metal adsorbed

and the metallic concentration remaining in the solution are

described by an isotherm.29,30

The equations that describe the Langmuir and Freundlich

adsorption models are, (1) and (2), respectively:

1

q
5

1

b
1

1

bKc
(1)

Figure 1. Scheme for the synthesis of the HPC/PAAm polymer.

Figure 2. Langmuir isotherms for the Pb21 adsorption on the HPC/

PAAm gel at different pHs and room temperature.
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q5kc
1=n (2)

Where q is the quantity of metal adsorbed (mol/g), c is the

residual quantity of the solute in the solution (M), K is the

adsorption equilibrium constant (L/mol), b is the maximum

adsorption capacity, and k and 1/n are arbitrary values.

RESULTS AND DISCUSSION

Adsorption Experiments

In Figure 2 are presented the lead adsorption isotherms of the

HPC/PAAm gel at room temperature. The highest percentage of

lead adsorption was obtained in the acidic pH, while the lowest

was that of the alkaline pH. At neutral pH, the solution’s

adsorption was between the acidic and the alkaline; the highest

percentages were determined with the data of the adsorption

experiment (see Figure S1 in Supporting Information); at pH 4

it was 53 wt %, at pH 7 it was 49 wt % and at pH 11 it was 47

wt %. This behavior was observed in other reports,31,32 where

PAAm gels absorbed a higher quantity of metal ions in acidic

pH, while they absorbed less in alkaline pH. It has been

explained that at alkaline pH, COONH2 groups dissociate,

increasing the content of ions, which causes a change of the

ionic strength of the solution33 and a decrease of osmotic pres-

sure32; solution pH affects the amine and hydroxyl functional

groups of the polymer,34 see Figure S2 in Supporting Informa-

tion for a graph showing the point of zero charge of the HPC/

PAAm polymer. Composites of polyacrylamide and hydroxyl

bearing–benzoquinone derivatives have also shown a decreased

adsorbing capacity at higher pH’s,35 with the ionic strength of

the solution playing a role on the metal adsorption, and Na1

ions showing affinity to the adsorbing sites, because Na1 ions

have a higher mobility.

The Langmuir and Freundlich adsorption isotherms for Pb21

ion are shown in Figures 2 and 3, respectively. The parameters

obtained from both isotherms are summarized in Table I. The

Pb adsorption experiments were done using a standard sample

with 1000 ppm of Pb(NO3)2, which was diluted in water to 10

ppm. 50 mL of solution were extracted and 200 mL were left

for analysis. The Langmuir and Freundlich adsorption isotherms

exhibit an almost lineal behavior for all pHs. The value of K is

large, and that of 1/n is between 0.1 and 0.5, which indicates

that the adsorbents have a high adsorption capacity.36,37 It is

also observed that the Langmuir parameters are not sequential,

while the Freundlich parameters are, and the correlation coeffi-

cient in general is better for the Freundlich model. The 1/n

parameter is an indication of the affinity between the adsorbent

and the adsorbed.38 Its value and that of k go in the following

order: acidic pH> neutral pH> alkaline pH, which means that

the quantity of lead adsorbed decreases in that order. The

behavior of the isotherms is similar in the three cases, but the

1/n and k values indicate that the gel in an acidic environment

is the most effective adsorbent of the three for the removal of

the lead ion, although, the other two adsorption conditions are

good for removing the lead ion.

The gel adsorbs lead due to the OH, NH C@O, and CAOAC

groups present in the polymer. The free electrons of the

Figure 3. Freundlich isotherms for the Pb21 adsorption on the HPC/

PAAm gel at different pH’s and room temperature. The units for q and c

are mol g21 and mol L21, respectively.

Table I. Pb21 Adsorption Parameters on the HPC/PAAm Gel for Various pH’s

Model

Langmuir Freundlich

pH K/[L/mol] b [mol/g] r2 K 1/n r2

Acid 9.708 x104 1.037x1025 0.972 1.148x1024 0.262 0.994

Neutral 9.960 x103 2.322x1025 0.992 1.111x1024 0.258 0.989

Basic 9.773 x104 1.047x1025 0.987 1.055x1024 0.253 0.986

Figure 4. Langmuir isotherms applied to the Cu21 solutions. Notation of

samples: Cu1A 258C pH 4, Cu1B 408C pH 4; Cu2A 258C pH 7; Cu2B

408C pH 7.
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aforementioned groups retain the metal dissolved in the water

and a complex called chelate is formed between the gel and the

metal.39,40

Adsorption tests for the Cu21 and Ni21 cations at pH 4 and at

pH 7 were carried out at 25 and 408C, with the aim of deter-

mining the quantity of metal adsorbed in the HPC/PAAm

hydrogel. In Figures 4 and 5 are shown the results obtained for

the copper solutions after applying the models previously

described.

In the results summarized in Table II, the quantity of the Cu21

ion adsorbed is observed to be higher in the acidic pH than in

the neutral one and performs better at a temperature of 408C.

This indicates that the gel is sensible to the pH and to the

osmotic pressure of the solution.

The gel is thermo-swellable, that is to say, the macromolecular

network is stimulated upon increasing the temperature of the

systems, which provokes a softening in the gel’s chains, achiev-

ing a greater uptake of aqueous solution.27 On the other hand,

functional groups present in the gel’s structure (OH, NH, C@O,

and CAOAC groups) have affinity with the metals dissolved in

water, the metallic ions are retained in the gel by the interaction

of the free electrons of d orbitals with the functional groups

present in the gel, they form a complex between the gel and the

metal, a chelate is formed.39,40

Figures 6 and 7 show the Langmuir and Freundlich isotherms

of the gels after adsorbing Ni21. In Figure 7, a tendency to

adsorb the metallic ion quickly is observed, but as the time

increases, the adsorption line has an asymptotic behavior; that

is to say, the polymer achieves saturation equilibrium in its

network.

Analyzing the results obtained for the models with respect to

the Ni21 (Table III), it is initially observed that the correlation

coefficient values are very high for both isotherms, greater than

95%. For this reason, both models are adequate. Likewise, the

same tendency is noted on the graphs: at the beginning of the

analysis the highest quantity of heavy metal is adsorbed, in this

case Ni21, and as the experiment goes on, the metal uptake via

the hydrogel becomes very slow.

The percentage of removal of cations from the aqueous solu-

tions was calculated individually, this was found to be 53% for

lead, 52.24% for nickel, and 51.09% for copper. The percentage

of metal adsorption of the HPC/PAAm hydrogel is similar to

chitosan/poly(vinyl alcohol) (PVA) composites,41 polymers hav-

ing the same functional groups as the hydrogel of this study.

However, for the chitosan/PVA system the adsorption/desorp-

tion is fit into the pseudo second order model41,42; chitosan has

also been fitted in that kind of model and into the Langmuir

isotherms.43 The effect of temperature and pH is similar to

works with modified cellulose and polymethacrylic acid44; this

system had COOH groups but no amine groups, it was found

that the metal removal increases with both pH and temperature,

a conclusion similar to our findings.

Influence of pH

The pH of the test is important because it affects the sorption

process,18 and the adsorption of heavy metals in water due to

Figure 5. Freundlich isotherms applied to the Cu21 solutions. The nota-

tion of samples is the same as Figure 3.

Table II. Cu21 Adsorption Parameters with the Freundlich and Langmuir Models

Model

Langmuir Freundlich

pH T, 8C K/[L/mol] b [mol/g] r2 K 1/n r2

Acid 25 42.02 x104 1.13 x1025 0.972 2.87 x1024 2.73 0.982

Acid 40 52.08 x104 1.00 x1025 0.983 1.63 x1024 3.17 0.988

Neutral 25 83.73 x104 1.09 x1025 0.964 8.21 x1025 4.29 0.981

Neutral 40 49.63 x104 1.14 x1025 0.974 2.07 x1024 3.06 0.989

Figure 6. Langmuir isotherms applied to the Ni21 solutions. Notation of

samples: Ni1A 258C pH 4, Ni1B 408C pH 4; Ni2A 258C pH 7; Ni2B 408C

pH 7.
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the influence on the adsorbent and dissociation and ionization

of the species to be adsorbed,19 the dissociation of the func-

tional groups of the adsorbent are also affected by the pH and

this changes reaction equilibrium and kinetics of the sorption

process.34

In all experiments, the highest metal removal was at pH 4, sug-

gesting that osmotic pressure and ionic strength plays a role in

the adsorption process. The point of zero charge was deter-

mined to be 9.54 (see Figure S2 in the Supporting Information);

however, the highest sorption values were found at 4, this is

attributed to the chelating properties of the polymer,1 as it has

OH, COOH and NH groups13,14; other works have observed

this effect on EDTA–chitosan magnetic adsorbents composites

for lead removal,1 where the acidic pH favored the formation of

EDTA–lead complexes. At alkaline pH the metals formed

hydroxides and precipitated, this contributed to the observed

lower adsorption of Pb at alkaline pH and prevented the experi-

ment with the other metals at higher pH. The metal removal

also increased when working with a higher temperature, this is

attributed to the metallic ions having more kinetic energy and

to an increase on the diffusion of the metal ions to the compos-

ite.44 However, great care should be placed on increasing the

temperature, as HPC/PAAm composites show an LCST that

depends on factors such as the concentration of the polymer13

if this temperature is reached, there will be a phase separation

of HPC.20

The results obtained demonstrate that the hydrogel performs

well in acidic and neutral environment. On the other hand,

these hydrogels are not selective to the metallic cation in com-

parison to previous works; but rather, they adsorb lead, copper,

or nickel indistinctly.

SEM Characterization

Figure 8 shows the HPC/PAAM xerogel, in this figure, white

lines are observed, they are attributed to the preferred orienta-

tion of the chains of the cellulose derivative.45 Some orifices

that are attributed to the water evaporation from the reaction

during the drying that cross the gel’s surface are also clearly

observed. The micrographs were obtained from xerogel samples

just after their synthesis, before testing them for removing the

metal ions.

In Figure 9 is shown a sample after adsorbing lead and then

drying. Lead crystals are clearly visible on the surface of the

polymer. These crystals are similar in size and mainly rectangu-

lar, although there are some amorphous crystals. The crystals

measured with the software of the STEM measured 2.5 microns

wide, and 791 nm thick.

The accumulation of copper crystals is observed on Figure 10.

Copper crystals are found dispersed in bi-dimensional and tri-

dimensional shapes, without homogenous form between chains

of the gel where they are deposited. In Figure 10(b) is observed

a large aggregate, this feature is attributed to an agglomeration

of copper on the surface of the gel. The crystals seen on the

micrographs confirm that the gels removed copper in solution.

Figure 11 shows an EDX analysis of a gel containing copper,

this sample was analyzed after adsorbing copper and then dry-

ing. Figure 11(a) shows the SEM micrograph of a gel, and Fig-

ure 11(b) shows the EDX mapping of the region shown in (a),

copper, represented in blue turquoise, is present in the gel in a

random distribution. Figure 11(c) shows the EDX spectrum of

the same region, there are peaks corresponding to Cu, N, and

O, these last two elements are expected to be present in a poly-

mer containing PAAm and HPC; C is detected, but this corre-

sponds to C of the gel and of the carbon tape. The Cu Ka peak

is present, although it is observed as a small peak; this confirms

the presence of Cu on the gel. According to the elemental analy-

sis carried out in the sample of xerogel, 2.40 wt % of the sam-

ple is Cu21.

In Figure 12 is presented the SEM micrograph of the gel that

contains the nickel cation. It is observed that copper is depos-

ited on the network in bi-dimensional and tri-dimensional

Figure 7. Freundlich isotherms applied to the Ni21 solutions. The nota-

tion of samples is the same as Figure 6.

Table III. Parameters of Ni(II) Adsorption with Freundlich and Langmuir Models

Model

Langmuir Freundlich

Medium T K/[L/mol] b [mol/g] r2 k 1/n r2

Acid 25 47.86 x104 1.07 x1025 0.982 1.99 x1024 3.03 0.992

Acid 40 60.00 x104 9.52 x1026 0.983 1.35 x1024 3.37 0.994

Neutral 25 65.76 x104 1.15 x1026 0.973 1.29 x1025 3.72 0.982

Neutral 40 74.24 x104 1.07 x1025 0.968 1.25 x1024 3.63 0.983
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shapes in a dispersed manner in the gel. In Figure 12(b) a large

agglomeration is observed, this is attributed to nickel on the

surface of the gel, there is a difference in contrast between the

agglomerate and the surface of the polymer, as in Figure 10(b).

Figure 13 shows the EDX analysis of a gel after treating water

with Ni and then drying. Figure 13(a) shows the SEM micro-

graph of the analyzed region and Figure 13(b) shows the EDX

mapping of the same zone; this last figure shows that Ni, repre-

sented as pink dots, is present on the gel, having a random dis-

tribution. Figure 13(c) shows the EDX spectrum of the analyzed

region, there are peaks of Ni, N, O, and C; as in Figure 11(c),

N and O are due to the presence of PAAm and HPC on the gel,

and C is due to both the polymer and the carbon tape. In Fig-

ure 13(c) can be observed a peak corresponding to Ni Ka, this

Figure 10. SEM micrographs of the gel with Cu21: (a) 100X and (b) 9kX.

Figure 9. SEM micrographs of the gel with Pb21, (a) 4kX and (b) 12kX.

Figure 8. SEM micrographs of the xerogel’s surface: (a) 40X and (b) 50X.
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Figure 12. SEM micrographs of the gel with Ni21: (a) 4.5k and (b) 10kX.

Figure 11. Analysis of the adsorption of Cu21 in the gel, (a) SEM micrograph, (b) elemental mapping of the same region showing the distribution of

Cu in the gel, (c) EDX spectrum of the sample. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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confirms the presence of Ni on the gel after treating an aqueous

solution containing that metal. The quantity of nickel found in

the sample was 1.17 wt %.

CONCLUSIONS

In this article HPC/PAAm gels were successfully used for remov-

ing heavy metals from water; lead, copper and nickel were the

tested metals. Freundlich and Langmuir isotherms were applied

for metal adsorption by the gels, and it was found that the gels

had the highest adsorption at acidic pH. The micrographs showed

the presence of agglomerations of metals on the surface of the gel,

and the EDX of the hydrogels after treatment detected peaks cor-

responding to the metals; these two techniques confirmed that the

gel removed the metals from the solutions. The isotherms showed

that the gels had a higher adsorption at acidic pH, as there is a

higher osmotic pressure.32 Among the tested temperatures, the

highest adsorption was observed at 408C. The best conditions for

metal removal among the tried were pH 4 and 408C. These results

strongly confirm that the HPC/PAAm polymer is a good option

for removing metals from water and for wastewater treatment,

due to the ability of the polymer of forming chelates with metallic

atoms and its good water absorbing properties.
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