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a  b  s  t  r  a  c  t

Conversion  of  cellulosic  wastes  to valuable  industrial  product  was  achieved  by  one-step  bleaching  and
grafting  methacrylic  acid  onto  cellulosic  wastes  using  sodium  chlorite/potassium  permanganate  redox
system.  The  obtained  polymethacrylic  acid/cellulose  graft  copolymer  (PMAAC)  was  used  as  an  adsor-
bent  for  different  divalent  cations.  The  experimental  activities  include  studying  the  factors  affecting  the
eywords:
ellulosic waste
ethacrylic acid
ivalent cations
dsorption

adsorption  process,  like  adsorption  duration,  pH of  the  adsorbate  solution,  material/liquor  ratio,  temper-
ature  of the  adsorption  medium  and  graft  yield  of  the graft  copolymer  used  as  an adsorbent.  The  results
obtained  indicate  that  the  optimum  conditions  for metal  adsorption  were,  using  PMAAC  with  graft  yield
of 100%  in  an  M/L  ratio  1:400,  at initial  pH  7 keeping  the  temperature  constant  at  50 ◦C for  60  minutes.
At  these  optimum  conditions,  PMAAC  could  be used  to  remove  divalent  cations  such  as  Cu2+,  Co2+,  and
Ni2+ from  wastewater  with  removal  efficiency  of  about  250 mg  per one  gram  PMAAC  graft  copolymer.
. Introduction

Grafting of synthetic polymers onto biopolymers results in novel
roducts having wide range of applications. This way  of chemi-
al modification yields new molecules with desirable properties
f both biopolymer and synthetic polymer. Modern technologies
equire materials with precisely tuned properties by varying a set
f parameters during synthesis, i.e. tailor-made materials (Abdel-
alim & Al-Deyab, 2011a, 2011b; Abdel-Halim, Fahmy, & Fouda,
008; Abdel-Halim, El-Rafie, & Kohler, 2008; Abdel-Halim, Abdel-
ohdy, Al-Deyab, & El-Newehy, 2010; Abdel-Halim, Fouda, Hamdy,

bdel-Mohdy, & El-Sawy, 2010; Abdel-Halim, Abdel-Mohdy, et al.,
011; Abdel-Mohdy, Abdel-Halim, Abu-Ayana, & El-Sawy, 2009;
ahmy & Abdel-Halim, 2010; Hebeish, El-Rafie, Abdel-Mohdy,
bdel-Halim, & Emam,  2010). Grafted polymers fit well in this cat-
gory of materials as their properties can be precisely controlled
y controlling the percentage grafting. Chemical grafting is one of
he most effective methods of modifying structure and properties
f biopolymers. Graft copolymerization of natural polysaccha-
ides is becoming an important resource for developing advanced

aterials as it can improve the functional properties of natural

olysaccharides (Abdel-Halim, Emam,  & El-Rafie, 2008; Abdel-
alim, El-Rafie, et al., 2011; Chen et al., 2005; Joshi & Sinha, 2007; Ly
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el.: +20 108113477.
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et al., 2010; Meshram, Patil, Mhaske, & Thorat, 2009; Rui-He et al.,
2006; Szamel, Domjan, Klebert, & Pukanszky, 2008; Zhu, Dong,
Wang, & Wang, 2010). The grafted polymers are usually synthe-
sized by conventional redox grafting methods (da Silva, de Paula,
& Feitosa, 2007; Hebeish, Abd El-Thalouth, El-Kashouti, & Abdel-
Fattah, 2003; Kaith, Singha, & Kalia, 2007; Kang, Cai, & Liu, 2006;
Singh, Tiwari, & Sanghi, 2005), by microwave irradiation (Kaith
et al., 2007; Masuhiro, Shafiul, Takayuki, Alessandra, & Giuliano,
2005; Singh, Tiwari, Pandey, & Singh, 2007), by �-ray irradiation
(Geresh et al., 2004; Wang, Chen, Zhang, & Yu, 2008; Xu, Yang, Jiang,
Sun, & Pang, 2008) or by using electron beam (Vahdat, Bahrami,
Ansari, & Ziaie, 2007).

The use of low-cost adsorbents has been investigated as a
replacement for costly current methods. Natural materials or vast
products from certain industries with a high capacity for heavy
metals can be obtained, employed, and disposed of with little cost.
Heavy metals are often discharged by a number of industries, such
as metal plating facilities, mining operations and tanneries; this
can lead to the contamination of freshwater and marine environ-
ment (Abdel-Halim & Al-Deyab, 2011c; Aguado, Arsuaga, Arencibia,
Lindo, & Gascón, 2009). Heavy metals are not biodegradable and can
lead to accumulation in living organisms, causing various diseases
and disorders (Ju et al., 2009). It is well known that some met-
als are harmful to life, such as antimony, chromium, copper, lead,

manganese, mercury, cadmium, etc., they are significantly toxic to
human being and ecological environments (Mohan & Sreelakshmi,
2008). Numerous techniques are available for water purification
and metal recovery operations from wastewaters. Many of these

dx.doi.org/10.1016/j.carbpol.2011.10.028
http://www.sciencedirect.com/science/journal/01448617
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re established methods, while others are still in the experimental
tage. Generally, the techniques employed for heavy metal removal
nclude precipitation, ion exchange, adsorption, filtration, electro-
eposition and reverse osmosis (Miretzky, Saralegui, & Cirelli,
006). Precipitation methods are particularly reliable but require

arge settling tanks. The precipitation of voluminous alkaline sludge
nd a subsequent treatment is needed. Ion exchange has the advan-
age of allowing the recovery of metallic ions, but it is expensive and
ophisticated. Adsorption on solid–solution interface is an impor-
ant means for controlling the extent of pollution due to heavy

etal ions. The above mentioned techniques are used to con-
entrate waste streams and remove the heavy metals. Activated
arbon is effective in reducing hexavalent chromium, mercury and
any metals complexed by organic legends. Similarly, various ion-

xchange resins have been found to be effective in removing metal
ons from solution. Interest has arisen recently in removing heavy

etals from solution by binding with agricultural cellulosic wastes
uch as, nut wastes, tree barks, modified cotton and sawdust. Many
gricultural and industrial byproducts have little or no economic
alue, and some, such as short fibers from jute waste processing,
nd sawdust, which are produced in large quantities, are often
resent a disposal problem. If these byproducts could be used as
dsorbents, contaminated water streams would be cleaned, and

 new market would be opened for these byproducts (Vinodh,
admavathi, & Sangeetha, 2011). The use of activated carbon and
on exchange resins is not suitable for developing countries due to
heir high capital and operational costs (Cao, Tan, Che, & Xin, 2010).
his has encouraged researchers into discovering materials that are
oth efficient and cheap. Interest has recently arisen in the investi-
ation of some unconventional methods and low cost materials for
cavenging heavy metal ions from industrial wastewaters (Abdel-
alim & Al-Deyab, 2011d; Abdel-Halim, Abou-Okeil, & Hashem,
006; Hashem, Abdel-Halim, & Hebeish, 2005; Hashem, Sokkar,
bdel-Halim, Gamal, 2005; Hashem, Abdel-Halim, & Sokker, 2007;
ashem et al., 2007b; Sokkar, Abdel-Halim, Aly, & Hashem, 2004).

n general, an adsorbent can be assumed as “low cost” if it requires
ittle processing, is abundant in nature, or is a by-product or waste

aterial from industry (Demirbas, 2008; Liang, Guo, Feng, & Tian,
010). Some of the reported low-cost adsorbents include bark,
annin-rich materials, lignin, chitin, chitosan, peat moss, modified
ool and cotton. Insoluble starch xanthates have been found to be

ery useful to remove heavy metal ions from solutions (Aziz, Adlan,
 Ariffin, 2008; Xia et al., 2010). Agricultural waste materials such
s spent grain (Argun, Dursun, Ozdemir, & Karatas, 2007), polymer-
zed onion skin (Coş kun, Soykan, & Saç akj, 2006), rice husks (Duran,
oylak, & Tuncel, 2008), bark and sawdust (Afkhami, Saber-Tehrani,

 Bagheri, 2010; Bhattacharyya & Gupta, 2008; Jang, Seo, & Bishop,
005; Ngah & Hanafiah, 2008;Yu, Zhang, Shukla, Shukla, & Dorris,
001), maize cobs (Tofighy & Mohammadi, 2011) and wheat bran
Song, Oh, Kong, & Jang, 2011) have been studied to investigate
heir affectivities in binding heavy metal ions. The adsorption of
eavy metals by these materials might be attributed to their pro-
eins, carbohydrates or phenolic compounds which have carboxyl,
ydroxyl, sulfate, phosphate and amino groups that can bind metal

ons.
The aim of this work is to report the efficiency of modified cellu-

osic wastes in removal of toxic heavy metal ions, like Zn(II), Co(II)
nd Ni(II) from their aqueous solutions.

. Experimental
.1. Materials and chemicals

Cotton fabric wastes were collected from tailoring workshops
nd subjected to cutting and shredding processes. Sodium chlorite,
rate Polymers 87 (2012) 1863– 1868

copper sulfate, nickel nitrate, cobalt nitrate, sodium hydrox-
ide, sodium carbonate, sodium bicarbonate, sodium thiosulfate,
potassium permanganate, potassium iodide, methacrylic acid and
sulfuric acid were all laboratory grade reagents. Non-ionic wetting
agent, Nonidet LE was supplied by Shell Textile Chemicals, Cairo,
Egypt.

2.2. Bleaching and grafting methacrylic acid onto cotton fabric
wastes

Polymethacrylic acid/cellulosic waste (PMAAC) graft copolymer
was prepared according to reported methods (Abdel-Halim, Emam,
& El-Rafie, 2008; Abdel-Halim, Konczewicz, Zimniewska, Al-Deyab,
El-Newehy). Unless otherwise indicated, treatment of the cellu-
losic wastes with KMnO4 and grafting of the so treated wastes with
methacrylic acid (MAA) were carried out as described below.

2.2.1. Treatment with KMnO4
The cellulosic wastes were impregnated in an aqueous solution

containing a specific concentration of KMnO4 and 2 g/l nonionic
wetting agent. The treatment was  carried out at 50 ◦C for 15 min
using a material to liquor ratio of 1:50 with continuous shaking to
avoid the heterogeneity of MnO2 deposition on the fiber surface.
After treatment the cellulosic waste was thoroughly washed with
water squeezed before immersing in the polymerization solution.

2.2.2. Polymerization
The so obtained KMnO4-treated cellulosic waste was introduced

in a l00 ml-stoppered conical flask containing an aqueous solution
of methacrylic acid and sodium chlorite. Material to liquor ratio
of 1:50 was  used. The grafting reaction was carried out at differ-
ent temperatures for different time intervals and at the end of the
polymerization reaction, the grafted cellulosic waste sample was
removed, thoroughly washed with boiling water followed by cold
water, and finally dried at 105 ◦C for 3 h. The total conversion per-
centage (T.C.) of methacryIic acid to polymethacrylic acid (grafted
and homopolymer) was determined via estimation of residual dou-
ble bonds. Percentage graft yield (G.Y.) was calculated as follows:

%G.Y.  = W2 − W1

W1
× 100

where W1 is the dry weight of original sample and W2 is the dry
weight of the grafted sample. The homopolymer percent (H%) and
graft efficiency (%G.E.) were determined by mathematical calcula-
tions based on the total conversion and the graft yield percent.

2.3. Adsorption experiments

For metal adsorption experiments, copper sulfate, nickel nitrate
and cobalt nitrate were used. The metal ion solutions were pre-
pared by dissolving 1 g of each salt in 1 l of distilled water. (PMAAC)
samples (1 g each) were introduced into stoppard Erlenmeyer flasks
together with the metal salt solutions at different material to liquor
ratios. The flasks were fixed in a temperature-controlled shaking
water bath and the adsorption experiments were carried out at
different temperatures for different time intervals. At the end of
experiment, the (PMAAC) was  removed by filtration. The extent
of heavy metal adsorption was estimated by measuring the metal
concentration in the filtrate by atomic absorption.

2.4. Testing and analysis
2.4.1. Carboxyl content
Carboxyl contents of bleached cellulosic waste and poly-

methacrylic acid/cellulosic waste (PMAAC) graft copolymer were
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is accompanied by significant enhancement in the amount of M2+

ions removed from their aqueous solutions and then prolonging
the duration is accompanied by little increments in the metal ion
removal. It is also seen that raising the temperature from 30 ◦C
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Fig. 1. Effect of initial pH on the extent of metal ion adsorption onto PMAAC.

easured according to the following reported method (Mattisson
 Legendre, 1952).

.4.2. Determination of residual metal cations
Estimation of residual metal cations after adsorption experi-

ents was carried out using a high-resolution continuum source
tomic absorption spectrometer (HR-CSAAS), ContrAA700, Ana-
ytik Jena AG (Jena, Germany).

. Results and discussion

.1. Effect of initial pH

Initial pH is one of the most important factors that affect the
dsorption process. It affects not only the surface charge of the
dsorbent, but also the ionization degree of the adsorbate. Fig. 1
hows the effect of pH of aqueous copper sulfate, cobalt nitrate and
ickel nitrate on the extent of Cu2+, Co2+ and Ni2+ ions removal,
xpressed in mg  M2+/1 g PMAAC (100% grafted cellulosic waste).
s is evident the pH determines the magnitude of the adsorption
apacity. The adsorption capacity increases by raising the pH of
he adsorption medium and the uptake reaches maximum values
47 mg  Cu2+, 252 mg  Co2+, and 242 mg  Ni2+ per 1 g PMAAC at pH
. pH values in the alkaline range were of course not suitable for
he adsorption processes, this is because the metal hydroxide is
recipitated in the alkaline range. At pH values less than 7 the per-
ent removal decreases continuously until it reaches almost 50 mg

2+/1 g PMAAC at pH 2. The first stage of ion exchange is depro-
onation of the carboxylic group of the graft copolymer which is
epresented by Eq. (1),  while Eq. (2) represents the attachment of
he metal cation to the reactive carboxylate anion. The low per-
ent removal at pH 2 can be attributed to the fact that at pH ≤ 2,
he high concentration of H+ in the adsorption medium shifts the
quilibrium in Eq. (1) to the left direction. This means that the car-
oxyl groups do not ionize and the ion exchange sites on the surface
f PMAAC are still protonated. Under such conditions the metal
ons do not exchange and remain in the solution. As the pH value
ncreases from 2 to 7, the deprotonation equilibrium in Eq. (1) is
hifted to right and as a result, the adsorption capacity increases
ccording to Eq. (2) until it reaches its maximum value at pH 7.

(1)
(2)
Fig. 2. Effect of material to liquor ratio on the extent of metal ion adsorption onto
PMAAC.

3.2. Effect of M/L ratio

Fig. 2 shows the effect of adding different volumes of Cu2+, Co2+,
and Ni2+ solutions at pH 7 to 1 g PMAAC. M/L  ratios used were var-
ied from 1:100 to 1:800 and the effect of varying material to liquor
ratio on the adsorption capacity of PMAAC was evaluated. Treat-
ment was carried out at 50 ◦C for 1 h using PMAAC with graft yield
100%. The data indicates that the maximum adsorption of metal
ions is obtained on using material to liquor ratio of 1:400. Further
increase in the M/L  ratio above 1:400 is accompanied by marginal
increase in the amount of adsorbed metal ions. This behavior could
be attributed to the available carboxyl groups in 1 g of 100% grafted
PMAAC. This amount of carboxyl groups is just enough to bind to
certain amount of metal ions. After these carboxyl groups are fully
reacted with metal ions any excess metal ions due to the increased
liquor will not be adsorbed since the adsorbent has the same car-
boxyl content.

3.3. Effect of adsorption medium temperature

Figs. 3–5 show the effect of temperature on the adsorption
capacity of PMAAC for Ni2+, Cu2+ and Co2+ ions, respectively, from
their solutions. It is clear that, regardless of the temperature and
the metal ion solution used, increasing the duration up to 20 min
Dura�on (minu tes)

Fig. 3. Effect of temperature on the extent of nickel ion adsorption onto PMAAC.
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ig. 4. Effect of temperature on the extent of cupper ion adsorption onto PMAAC.

o 50 ◦C is accompanied by significant increase in the amount of
2+ ions adsorption. It is understandable that the increment in

he metal ion adsorption is attributed to the favorable effect of the
emperature on the swellability of the grafted cellulosic waste and
ccordingly there will be increase in the diffusion and penetration
f M2+ ions from the aqueous phase to the PMAAC phase. Also as the
emperature increases, the metal ions acquire more kinetic energy
nd there will be chance for more diffusion into the fiber phase and
eaction with the exchangeable sites in the grafted cellulosic waste
ber.

.4. Effect of agitation time

Fig. 6 shows the effect of agitation time on the adsorption capac-
ty of M2+ by PMMAC at fixed pH 7, temperature 50 ◦C and at metal
on concentrations of 1000 mg/l, using a material to liquor ratio
f 1:400. Time taken for the adsorption process to attain ther-
odynamic equilibrium is very important in characterization and

rediction of both the efficiency and the feasibility of an adsorbent
or its use in water pollution control. The effect of agitation time
as studied for only one adsorbate concentrations 1000 mg/l. Fig. 6

hows that irrespective of the type of metal ion to be adsorbed, the
ercent M2+ removal increases sharply with increasing agitation
ime up to 20 min, and then it increases very slowly and becomes
lmost constant after 50 min. The almost constant percent removal

fter 50 min  means that monolayer of the adsorbate was  formed
n the surface of adsorbent and thermodynamic equilibrium is
ttained at that extent.
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ig. 5. Effect of temperature on the extent of cobalt ion adsorption onto PMAAC.
Fig. 6. Effect of agitation time on the extent of metal ion adsorption onto PMAAC.

3.5. Effect of graft yield

Fig. 7 shows the effect of graft yield percent, i.e. the available car-
boxyl groups in PMAAC graft copolymer, on the adsorption capacity
of the metal ions. The data indicates that ungrafted cellulosic waste
fiber adsorbs about 30 mg  M2+ per 1 g bleached cellulosic waste
(0% graft yield). This significant amount of adsorbed metal ions
on the surface of cellulosic waste fiber without any graft yield
reflects the effect of the carboxyl content of the bleached cellulosic
waste (100 m equiv. carboxyl/100 g cellulosic waste) on its affinity
to metal ion adsorption, whatever the carboxyl groups come from
the grafted methacrylic acid or come from the oxidation of cellu-
losic component of cellulosic waste during the bleaching process.
The amount of the adsorbed metal ions increases by increasing the
graft yield percent until it reaches its maximum amount at graft
yield of 100% then, at graft yield higher than 100%, namely, 120%
and 140%, the amount of adsorbed metal ion decreases by increas-
ing the % graft yield. The increase in adsorption capacity of the graft
copolymer by increasing the graft yield up to 100% is understood
because increasing the polymethacrylic acid component in PMAAC
will increase the carboxyl content of the modified fiber and this
means increase in the active sites available for ion-exchange or
adsorption. The unexpected decrease in adsorption capacity upon
increasing the graft yield above 100% could be explained in terms
of the very compact structure of graft copolymer having graft yield
higher than 100% which makes the copolymer less swollen and

accordingly decreases the diffusion of the metal ion from the solu-
tion phase into the fiber phase.
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Fig. 7. Effect of material to liquor ratio on the extent of metal ion adsorption onto
PMAAC.
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. Conclusion

Cellulosic fabric waste was subjected to one-step bleaching
nd grafting copolymerization with methacrylic acid. Sodium
hlorite/potassium permanganate redox system was used to simul-
aneously bleach the cellulosic waste fiber, and initiate graft
opolymerization of methacrylic acid onto the fiber. This econom-
cal one-step treatment has converted low-value cellulosic fabric
rocessing wastes to valuable industrial product. The polymer-

zation reaction was monitored by following the percent total
onomer conversion during the reaction course and then, at the

nd of polymerization, the graft yield was calculated on dry bases.
he so-obtained graft copolymer was used as adsorbent for dif-
erent divalent heavy metal. The experimental activities include
tudying the factors affecting the adsorption process, adsorption
uration, pH of the adsorbate solution, material to liquor ratio,
emperature of the adsorption medium, agitation time and graft
ield of the graft copolymer used as an adsorbent. The adsorp-
ion efficiency of the graft copolymer was evaluated by measuring
he concentration of the adsorbate solution before and after the
dsorption process via atomic absorption. The results obtained
ndicate that the optimum conditions for metal adsorption were,
sing methacrylic acid grafted cellulosic waste with graft yield of
00% in a material to liquor ratio 1:400, at initial pH 7 keeping the
emperature constant at 50 ◦C for 60 min. At these optimum con-
itions, PMAAC could be used to remove divalent cations such as
u2+, Co2+, and Ni2+ from wastewater with removal efficiency of
bout 250 mg  per 1 g PMAAC graft copolymer.
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Coş kun, R., Soykan, C. & Saç akj, M.  (2006). Removal of some heavy metal ions from
aqueous solution by adsorption using poly(ethylene terephthalate)-g-itaconic
acid/acrylamide fiber. Reactive and Functional Polymers, 66,  599–608.

da Silva, D. A, de Paula, R. C. M.  & Feitosa, J. P. A. (2007). Graft copolymerization of
acrylamide onto cashew gum. European Polymer Journal, 43,  2620–2629.

Demirbas, A. (2008). Heavy metal adsorption onto agro-based waste materials: A
review. Journal of Hazardous Materials, 157, 220–229.

Duran, A., Soylak, M.  & Tuncel, S. A. (2008). Poly(vinyl pyridine-poly ethylene glycol
methacrylate-ethylene glycol dimethacrylate) beads for heavy metal removal.
Journal of Hazardous Materials, 155, 114–120.

Fahmy, H. M.  & Abdel-Halim, E. S. (2010). Utilization of poly(N-vinyl-2-pyrrolidone)
to enhance the performance properties as well as UV protection of ester
crosslinked cotton fabrics. Journal of Industrial Textiles, 40,  109–121.

Geresh, S., Gdalevsky, G. Y., Gilboa, I., Voorspoels, J., Remon, J. P. & Kost, J.
(2004). Bioadhesive grafted starch copolymers as platforms for peroral Drug
delivery: A study of theophylline release. Journal of Controlled Release, 94,
391–398.

Hashem, A., Abdel-Halim, E. S., El-Tahlawy, K. F. & Hebeish, A. A. (2005). Enhance-
ment of Co (II) and Ni (II) adsorption from aqueous solutions onto peanut hull
through esterification using citric acid. Adsorption Science and Technology, 23,
367–380.

Hashem, A., Abdel-Halim, E. S. & Sokker, H. H. (2007). Bi-functional starch composites
prepared by �-irradiation for removal of anionic and cationic dyes from aqueous
solutions. Polymer–Plastics Technology and Engineering, 46,  71–77.

Hashem, A., Abdel-Halim, E. S., Maauof, H. A., Ramadan, M.  A. & Abo-Okeil, A. (2007).
Treatment of sawdust with polyamine for wastewater treatment. Energy Educa-
tion Science and Technology, 19,  45–58.

Hashem, A., Sokkar, H. H., Abdel-Halim, E. S. & Gamal, A. (2005). �-Induced graft
copolymerization onto cellulosic fabric waste for cationic dye removal. Adsorp-
tion Science and Technology, 23,  455–465.

Hebeish, A., Abd El-Thalouth, I., El-Kashouti, M. A. & Abdel-Fattah, S. H. (2003). Graft
copolymerization of acrylonitrile onto starch using potassium permanganate
asinitiator. Angwandte Makromolekulare Chemie, 78,  101–108.

Hebeish, A. A., El-Rafie, M.  H., Abdel-Mohdy, F. A., Abdel-Halim, E. S. & Emam,  H. E.
(2010). Carboxymethyl cellulose for green synthesis and stabilization of silver
nanoparticles. Carbohydrate Polymers, 82,  933–941.

Jang, A., Seo, Y. & Bishop, P. L. (2005). The removal of heavy metals in urban runoff
by  sorption on mulch. Environmental Pollution, 133, 117–127.

Joshi, J. M.  & Sinha, V. K. (2007). Ceric ammonium nitrate induced grafting
of  polyacrylamide onto carboxymethyl chitosan. Carbohydrate Polymers, 67,
427–435.

Ju,  X. J., Zhang, S. B., Zhou, M.  Y., Xie, R., Yang, L. & Chu, L. Y. (2009).
Novel heavy-metal adsorption material: ion-recognition P(NIPAM-co-BCAm)
hydrogels for removal of lead(II) ions. Journal of Hazardous Materials, 167,
114–118.

Kaith, B. S., Singha, A. S. & Kalia, S. (2007). Grafting MMA  onto flax under the influ-
ence of microwave radiation and the use of flax-g-poly (MMA) in preparing PF
composites. Autex Research Journal, 7, 119–129.

Kang, H. M., Cai, Y. L. & Liu, P. S. (2006). Synthesis, characterization and ther-
mal  sensitivity of chitosan-based graft copolymers. Carbohydrate Research, 11,
2851–2855.

Liang, S., Guo, X., Feng, N. & Tian, Q. (2010). Effective removal of heavy metals from

aqueous solutions by orange peel xanthate. Transactions of Nonferrous Metals
Society of China, 20,  187–191.

Ly, E. B., Bras, J., Sadocco, P., Belgacem, M. N., Dufresne, A. & Thielemans, W.  (2010).
Surface functionalization of cellulose by grafting oligoether chains. Materials
Chemistry and Physics, 120, 438–445.



1 bohyd

M

M

M

M

M

N

R

S

S

S

S

868 E.S. Abdel-Halim, S.S. Al-Deyab / Car

asuhiro, T., Shafiul, I., Takayuki, A., Alessandra, B. & Giuliano, F. (2005). Microwave
irradiation technique to enhance protein fibre properties. Autex Research Journal,
5,  40–48.

attisson, M.  F. & Legendre, K. A. (1952). Determination of carboxyl content of
oxidized starches. Analytical Chemistry,  24,  1942–1944.

eshram, M.  W.,  Patil, V. V., Mhaske, S. T. & Thorat, B. N. (2009). Graft copolymers
of  starch and its application in textiles. Carbohydrate Polymers, 75,  71–78.

iretzky, P., Saralegui, A. & Cirelli, A. F. (2006). Simultaneous heavy metal removal
mechanism by dead macrophytes. Chemosphere, 62,  247–254.

ohan, S. & Sreelakshmi, G. (2008). Fixed bed column study for heavy metal removal
using phosphate treated rice husk. Journal of Hazardous Materials, 153, 75–82.

gah, W.  S. W.  & Hanafiah, M.  A. K. M.  (2008). Removal of heavy metal ions from
wastewater by chemically modified plant wastes as adsorbents: A review. Biore-
source Technology, 99,  3935–3948.

ui-He, Y., Wang, X., Wang, Y., Yang, K., Zeng, J. & Ding, S. (2006). A study on grafting
poly(1,4-dioxan-2-one) onto starch via 2,4-tolylene diisocyanate. Carbohydrate
Polymers,  65,  28–34.

ingh, V., Tiwari, A., Pandey, S. & Singh, S. K. (2007). Peroxydisulfate initiated syn-
thesis of potato starch-graft-poly (acrylonitrile) under microwave irradiation.
Express Polymer Letters,  1, 51–58.

ingh, V., Tiwari, A. & Sanghi, R. (2005). Studies on K2S2O8/ascorbic acid initiated
synthesis of Ipomoeadasysperma seed gum-g-poly(acrylonitrile): A potential
industrial gum. Journal of Applied Polymer Science, 98,  1652–1662.

okkar, H. H., Abdel-Halim, E. S., Aly, A. S. & Hashem, A. (2004). Cellulosic fabric

wastes grafted with DMAEMA for removal of direct dyes. Adsorption Science and
Technology,  22,  679–691.

ong, J., Oh, H., Kong, H. & Jang, J. (2011). Polyrhodanine modified anodic aluminum
oxide membrane for heavy metal ions removal. Journal of Hazardous Materials,
187, 311–317.
rate Polymers 87 (2012) 1863– 1868

Szamel, G., Domjan, A., Klebert, S. & Pukanszky, B. (2008). Molecular structure and
properties of cellulose acetate chemically modified with caprolactone. European
Polymer Journal, 44,  357–365.

Tofighy, M. A. & Mohammadi, T. (2011). Adsorption of divalent heavy metal ions
from water using carbon nanotube sheets. Journal of Hazardous Materials, 185,
140–147.

Vahdat, A., Bahrami, H., Ansari, N. & Ziaie, F. (2007). Radiation grafting of styrene
onto polypropylene fibres by a 10 MeV  electron beam. Radiation Physics and
Chemistry,  76, 787–793.

Vinodh, R., Padmavathi, R. & Sangeetha, D. (2011). Separation of heavy metals from
water samples using anion exchange polymers by adsorption process. Desalina-
tion,  267, 267–276.

Wang, J. P., Chen, Y. Z., Zhang, S. J. & Yu, H.  Q. (2008). A chitosan-based flocculant
prepared with gamma-irradiation-induced grafting. Bioresource Technology, 99,
3397–3402.

Xia,  K., Ferguson, R. Z., Losier, M.,  Tchoukanova, N., Brüning, R. & Djaoued, Y. (2010).
Synthesis of hybrid silica materials with tunable pore structures and morphol-
ogy and their application for heavy metal removal from drinking water. Journal
of  Hazardous Materials, 183, 554–564.

Xu, Z., Yang, Y., Jiang, Y., Sun, Y. & Pang, S. Y. (2008). Synthesis and characterization
of Konjac Glucomannan-graft-polyacrylamide via c-irradiation. Molecules, 13,
490–500.

Yu, B., Zhang, Y., Shukla, A., Shukla, S. S. & Dorris, K. L. (2001). The removal of heavy
metals from aqueous solutions by sawdust adsorption—removal of lead and

comparison of its adsorption with copper. Journal of Hazardous Materials, 84,
83–94.

Zhu,  J., Dong, X., Wang, X. & Wang, Y. (2010). Preparation and properties of a novel
biodegradable ethyl cellulose grafting copolymer with poly(p-dioxanone) side-
chains. Carbohydrate Polymers, 80,  350–359.


	Chemically modified cellulosic adsorbent for divalent cations removal from aqueous solutions
	1 Introduction
	2 Experimental
	2.1 Materials and chemicals
	2.2 Bleaching and grafting methacrylic acid onto cotton fabric wastes
	2.2.1 Treatment with KMnO4
	2.2.2 Polymerization

	2.3 Adsorption experiments
	2.4 Testing and analysis
	2.4.1 Carboxyl content
	2.4.2 Determination of residual metal cations


	3 Results and discussion
	3.1 Effect of initial pH
	3.2 Effect of M/L ratio
	3.3 Effect of adsorption medium temperature
	3.4 Effect of agitation time
	3.5 Effect of graft yield

	4 Conclusion
	Acknowledgement
	References


