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Abstract 

Wood charcoal and waste blom~sb collected from rnunic~pd waste-water-treatment plant, l 'r~udomo~~as put& an4 
Penicilli~irn sp. were used lo remove Cuzi from acidic w m e  water. Thc adsorplian lanetics :md ~ h z  Cu" up?& capac~ 
ity wai Wund to be nmwnurn In thc ca i r  ol P.reuiiomonm putidn. and ws i  effccted by prnilnlcler? such as pH, m~tiill 
melal loll concentnlion, hiomass nmourit and tcmyeramre. 'rbe adsorplron phcnomma oheysd Frcundllch ;&orp- 
imn lsothcirn 'I'heorcl~cnl cqull~brium concentrattons ciilcuialed hy using hreundlich adsorption isothe~m wcrc found 
to he in good aprecrnent wllh the observed values. Theoretical number of stazcs reqmred lo reduce the CU' concentra- 
h m  l i u m  lhr: iolutiun waa p rd lcad  by wing ~dsorpuon ~wlherm The rale-drtcnnming step was found tu be dlifusion 
cnnlrollrd. 

Keywords: Copper, diffusion convolled, ndsolplion iiolhcrms. dual rate. ralr-dclenninmg itcp, churcoal, waatc b m  
mas,, P,wrdumo,nir purrdn and Penicdhunr ap. 

1. Introduction 

CU" is one of the most commonly encounlered heavy meld pollutants in metallurgical waste 
water derived from electr~cal, electronic and brass industries. Conventional methods such as 
chemical precipitation, chemical oxidation and reduction, ion exchange, filtration, electro- 
chemical heatment and evaporation are usually not economically viable when the concentra- 
lion of the metal ions is very small.'.' Tbererore, adsorption technology is being considered as 
an alternative method for the removal and recovery of hcavy nictal ions from natul-a1 and in- 
dustrial waste water?. Many biological and chemical adsorbents are kuown lo be effective 
metal adsorbents. Microorganisms such as bacteria, fungi and algae have been extcnsively 
studied as a possible means to clean up cu2+-conlaining waste streams. Inmobilized cells of 
Pseudomonas putidu were repo~teds to adsorb Cu'' from industrial effluents. Mycelial waste of 
P. chlysogenurn collected from a penicillin-manufacturing plant was found to adsorb hcavy 
metal ions like C U . ~  The ~ u % d s o ~ ~ t i o n  characteristics of Penici l i i t inz sp. isolated from soil as 
well as CU" uptake hy P. ochrorhli,ran were investigated.'. Thc biosorption of CuZi by acti- 
vated sludge bacteria was investigated by Aksu e t  01.' CU" uptake by fungi and activated 
sludge bacteria was studied and compared to select the most \uit:~ble biomass {or the treatment 
of a metal-containing industrial waste waters.'' Various chemical adsorbents likc suspended 
solids in river water," wood bark,'' clay minerals,I3 activated carbon" and carbon black 
spheron '9'15 have also been used to recover CU" from waste streams. 
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The present paper describes the adsorption behavior of three different biomasses, (i) a bac- 
teria (Pseudomonas putida, PP), (ii) a fungus (Penicillium sp., PS) and (iii) a mixed culture 
(waste biomass, WB) and the adsorption behavior is compared to a chemical adsorbent (wood 
charcoal, WC). In addition, an evaluation of the kinetics of adsorption is presented to evaluate 
the rate-determining step in each case. 

2. Experimental 

2.1. Adsorbents 

The WC sample contained 25% volatile matter, 11.6% ash, 9.8% moisture and 47% fixed car- 
bon. The sample was crushed, sieved and used for adsorption studies. The WB sample was 
collected from the Bhubaneswar Municipality waste-water-treatment plant. The sample was 
sterilized by autoclaving and later dried. WB contained both Gram-positive and -negative mi- 
croorganisms. The metal contents were Mn-O.0556%, Fe-1.58%, Zn-0.022%, Cu-O.0035%, 
Ni-O.00258 and Co-0.00175%. 

PP and PS samples were collected from the Maharashtra Association for the Cultivation of 
Science, Pune, India. The species were grown in the media using sucrose as the main carbon 
source. The media used, respectively, were 

For PS: (g/dm3) NH4N03-3.0, KH2P04-1.0, MgS04, 7H20-0.5 and Sucrose-50.0. 
For PP: (g/dm3) (NH4)2S04-0.25, MgS04,7Hl0-0.75, Na2HPO4,12H20-0.3, KH2P04-0.25, 

Yeast extract-1.0 and Sucrose-20.0. 

Cultures were grown for 72 hours and sterilized and the biomass was harvested by cen- 
trifugation. The product was washed thoroughly, dried, ground and used for adsorption studies. 

2.2. Adsorbates 

A stock solution of copper was prepared by dissolving the required amount of AR CuS04, 
5H20 in distilled water. 

2.3. Adsorption isotherm studies 

Adsorption measurements were made in a glass reactor. The samples were stirred mechanically 
at different temperatures controlled by a thermostat to *OS°C. The pH of the solution was ad- 
justed with H2S04 or diluted NaOH. Samples were taken at regular time intervals and an equal 
amount of original solution was added to maintain the volume constant. Unless specified the 
adsorption experiments were conducted as follows: Time-for PS, PP and WB, 60 min and for 
WC, 150 min, pH-6.0, Temperature-30°C, Solution volum&for WC, PP and WB, 0.2 dm3 and 
for PS, 0.8 dm3. CU" concentration in experiments using WC was 1,000 mg/dm3 and for PP, 
PS and WB 20 mg~dm.~ Weightfvolnme (%) was between 0.05% and 10.0% in all experiments 
and for all experimental conditions. 

2.4. Analyses 

Cu analyses were made by using a Perkin Elmer-3100 atomic absorption spectrophotometer. 
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3. Results and discussion 

Adsorplion studies were carried out for more than 4 hours. In all the cases, the adsorption ki- 
netics can be subdivided into two sections, i.e. an initially faster reaction followed by a slower 
reaction (Fig. I ) .  The fast initial rate may he due to the abundant availability of chelating 
agents present on the surface of the adsorbents but we are yet to understand the subsequent 
slow reaction. 

A similar adsorption pattern was reported by several authors.lb " The initial rates of 
adsorption for PP, WB, PS and WC can be calculated to be 3.0, 0.31, 0.21 and 1.76 mg g-' 
mid' ,  respectively, hence, PP > WC > WR > PS. 

3.2. Effect o f p H  

To evaluate the effect of pH on CU" adsorption, the pH was varied between 2.0 and 6.5. The 
adsorption of Cu increased lrom pH to pH and had little effect beyond 4.0. More specifically, 
PP and WB showed hardly any improvement and was unchanged for WC and PS beyond 3.0 
and 5.0, respectively (Fig. 2). 

In order to explain the pH effect, the chemistry of the adsorbent surface as well as that of 
the metal ion has to be understood. The main species formed during the hydrolysis of CuZ+ in 
this pH range are the hydroxyl-bridged polynuclear species C~,,(OH)~,,_~'' and not CU(OH)+." 
Since dead biomass was used in these studies, the metal accumulation is due only to surface 
interacti~ns.'~ charcoal consists of many organic compoundsZo and the cell wall of biomass 
consists of various biopolymers like chitin, amino acids, lipids and polysaccharides.21 Thcse 
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Frc. 1. The adsorption bebwmr ot d~ffercnt adsorbents 
as a function of time. 
Conditions: pH-2.6, 3.3, 4.0 and 4.4 for WC, WB, PS 
and PP, res ctlvely tcmperah~re-30°C, solution v ~ l -  
u m 4 . 2  drnPefor ~ 6 ,  PP and WB, and 0.8 dm3 for PS. 
Cub concentration for WC is 1000 mgldm3 and ror PP, 
PS and WB 20 mgMrn', %(wlv) - 0.05, 0.5, 0.0625 and 
I 0  for PP, WB, PS and WC, respecuvely. 

trr;. 2. Va+tion of pacentage of adso~ption with 
changc m pH for all the adsorbents. 
Condilions: Time-for PS, PP and WB 60 min and for 
WC 150min. temperalure30°C. solution volume- 
0.2 dm' for WC, PP and WB and 0.8 dm' ior PS, Cu2' 
concamation for WC 1s 1 WO rne/dm3 and for PP. PS 
and WB 20 rngldm', %(w/v)4.0~, 0.5, 0.0625 and 10 
for PP, WB, PS and WC, respectively. 
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furictioual groups are generally negatively charged and therefore the adsorption of CU". on the 
adsorbent surface would be due to electrostatic attraction betwcen negatively charged surface 
of the biomass and positively charged CU,,(OH)~'~,,_~. This type of attraction is maximum at a 
pH when the cation is hydrolyzed. At low pH, part of the organ~c compounds present on the 
WC surface and in the cell wall of the bioadsorbents is hydrolyzed2' or protonated thereby re- 
ducing the amount of adsorbing sites on the surface of the adsorbents for CU". Therefore, at 
low pH, the percentage of Cu" adsorption decreases. 

3.3. Effect oftemperature 

The effect of temperature between 30°C and 70" wds studied (Fig. 3). In the case of PS and 
WC, the adsorption increased up to 40°C and 50°C, respectively, and showcd ncgdtive effect 
beyond these values. The negative effect may be due to higher degree of hydrolysis of chitin 
and other chelating compounds at higher ten~~erature. '~  Jn the case of PP and WB, there is no 
remarkable change in the percentage of adsorption (Fig. 3). Tbe apparent activation cncrgies in 
each case were calculated by using the Arrhenius equation and werc found to be 11.87, 10.5, 
10.04 and 13.64 kllmole, respectively, for WC, PP, WB and PS. 

3.4. Effect uf initial metal ion concentration 

At constant contact time (150 rnin for WC and 60 rnin for WB, PP and PS) and pH (3.0, 4.0, 
4.5 and 5.0, respectively). the adsorption studies were carried out by varying the CU" concen- 
tration. It was observed that the adsorption kinetics as well as loading capacity increased with 
increase In metal ion concentration, whereas percentage of  adsorption showed a revcrse trend. 
This may be due to higher probability of collision hetwcen metal ious and adsorbent surfaces. 

The relationship between the amount adsorbed and the concentration of the solution can be 
expressed by a nlathematical equation known as Freundlich advorption isotherm2" 

0 J 1 
20 30  40 5 0  60 7 0  

Temp., OC 

FIG. 3 The cffcct of temperature on adsomuon Cor all 
the adsorbens. 
Conditms: Time for PS, PP and WE is 60 mm and far 
WC I50 m, pH is 5.0, solution volume for WC, PP and 
WB 1s 0.2 dm3 and for PS 0 8 dm3, Cu" concentntlon 
for WC is 3000mg1dmJ and for PP, PS and WB 
20 mgIdmi, %(w/vj405, 0.5, 0 0625 and 10 for PP, 
WE, PS md WC, respectively. 

FIG. 4. Pi01 uf In Xmil va InC, For d l  h e  lour adsorbents 
studled wtth drffemnt initmi Cu2' cuncentmions o l  lhe 
solution. 
Conditions. Timc f o ~  PS. PP and WB 60 nrin aud for WC 
150 mi". PH is 5.0, solut~oo volumc for WC, PP and WB 
is 02drnJ and fur PS 0.8 dm?. tempcialure-30"C, 
%(wlvj4.05, 05,  0.0625 and 10 fol PP, WB, PS u d  
WC, respectively. 



ADSORPTION OF cuZ* 307 

XIM = KC,"" (1) 

where X is the amount of cuZi adsorbed, mg = (CI - CF)V, C, the initial concentration of the 
solution, mg/dm3, CF the final concentration of the solution, mgldm3, V the volume of the solu- 
tion, dm3, M the mass of biomass, g, K, n are Freundlich constants, C. the equilibrium cuZi 
concentration, mgldm3, and n and K values can be obtained from the slope and intercept of a 
graph if In XIM is plotted against In C, (Fig. 4). 

3.5. Effect ofpulp density 

The amount of adsorbent was varied from 0.1 to 1 g keeping constant other parameters like pH 
(5.0), temperature (30°C), cuZi concentration (20 mg/dm3) and solution volume (0.2 dm" to 
ascertain the loading capacity of Cu. It was observed that an increase or decrease in the ad- 
sorbent quantity strongly affected the quantities of CU*' removed from the solution. The load- 
ing capacity increased with decreasc in adsorbent. 

In order to find out the theoretical number of stages required to remove Cu2* from a soh- 
tion of 16 mgldm3 in a continuous run, the experiments were canied out in a batch scale by 
vsuying VdX,, ratio (Vo the initial solution volume, dm3, and Xo the adsorbent amount, g) with 
the same parameters. An equilibrium curve was obtained by plotting a graph between equilib- 
rium concentration, C,, and loading (mg metal adsorbed per gram of adsorbent). An operation 
line having slope V,& = 1 was drawn from which it was observed that in two stages the Cu2' 
ion concentration can be reduced from 16 mg/dm3 to 2.5, 4.3, 8.6 and 11.8 mgldm3 for PP, 
WC, WB and PS, respectively (Fig. 5). Therefore, based on the results, a multistage reactor can 
be designed depending on the VdXo ratio in order to treat the actual waste water. 

3.6. Effect of mechanical agitatiun 

Under optimized conditions of temperature and pH, the adsorption studies were canied out by 
varying the rate of mechanical agitation. It was observed that in all cases, the adsorption of 
cu2' increased up to 300 rpm and beyond it no further increase was observed. From this ohser- 
vation it is concluded that the reaction is diffusion controlled in nature. 

Equilibrium cone., mgrdm' 

FIG. 5. Cu" adsorption mothem for d l  the four adsorb- 
ents studied under identical conditions, 1.e. pH-50, 
temperature-30°C, Cu2+ concentration-20 mgldm' and 
solution volume-0.2 dm3. 
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3.7. Merhanism of adsorption 

In an adsorption reaction, the adsorbale must come in contact wlth the adsorhenl, so that a pan 
of the adsorbate would be adsorbed on the adsorbent surface. Simultaneously, a part of the 
adsorbed material would be desorbed. Therefore, the bulk cu2+ concentration can be ex- 
pressed'6~'5~29 as: 

C = D cxp(-Kot) + C, (2) 

where C is bulk concenuation, mg/dm3, D the fitting parameter, KO the constant = k&, k, the 
mass-transfer adsorption coefficient, C, the equilibrium cu2+ concentration, and t the time in 
min. 

Therefore, Ko and D can be calculated graphically from the slope and intercept, respec- 
tively, if In(C-C,) is plotted against t. Table 1 shows the values of KO and D along with coeffi- 
cients of determination of some of the experiments. From the coefficients of determination, it 
can he concluded that eqn (2) is adequate to calculate mass-transfer coefficients of varioils 
adsorption experiments. Therefore, using Ko and D values, obtained from the graph and C, 
values, the rate of adsorption can he predicted. 

3.8. Rate-determining step 

In the adsorption kinetics, the metal ion from the bulk solution should travel to the thin Liquid 
film surrounding the adsorbent surface. In this situation, there are two alternatives, i.e. the thin 
liquid film may produce a diffusion bamer for the metal ion to penctrate through or the diffu- 
sion barrier may be negligible. The former is h o w n  as film diffusion a~ld the latter as adsorp- 
tion controlled. 

3.9. Film rliffusion controlled 

In the film diffusion-controlled process, the bulk concentration, C, would he at a higher con- 
centration than the interfacial conccntration, C,, i.e. C > C,. Therefore, k,, can be w i ~ e n ' " ~ . ~  as 

where Co is the initial cu2' concentration, mgldm3, M the mass of adsorbent, 8, and K,, the 
mass-transfer coefficient between the bulk liquid and the adsorhent particles. 

K, value was reported30 to depend on the particle size of thc adsorbate, rate of energy dis- 
sipation per unit mass of fluid and the kinematic viscosity of the solution. Therefore, for the 
same temperature and agitation speed. the K, value would be constant. Presuming specific 
surface area (S) of a particular adsorbent to be constant, if the rate-determning step is film 
diffusion, then K,S should he constant for different experimental conditions. Table I shows the 
K,S values for diifereut experiments which are almost constant at constant temperature and 
pH. Therefore, it can be concluded that the rate-determining step is film diffusion which is also 
evident from the effect of agitation speed. 

3.10. Adsorption rate controlled 

In the case of adsorption rate-controlled process, the bulk concentration, C, and the inter- 
facial concentration, C, would be the same, because the film layer around the adsorbent 
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Table I 
Calculated values of D, K. and K,S along with the adsorption conditions 

PH Temp. Inihal metal ion con- Pulp density LnD KO R",,sx1O3 
("C) cenuation (mg/dm3) %(w/v) (mg/dm3) (min-') (dm3.g-'.mi<') 

Ciiurmd 

5.2 30 2087 10 7.18 0.02 0.97 0.87 
5.2 30 2637 10 7.35 0.02 0.98 0.85 
5.2 30 3031 10 7 52 0.02 0.98 0.84 
5.2 30 2087 5 6 41 0.02 0.97 0.88 

Pseudomvnas pirfidu 

5.4 40 21 0.25 1.85 0.3 0.98 500.0 
5.4 40 41 0.05 1.75 0.2 0.84 550 0 
5.4 40 20 0.10 1.5 0.4 0.89 510.0 
5 4  40 30 0.05 1 8  0.1 0.88 523.0 

Waste brvmns.7 

5.7 30 31 0.5 1.54 0.1 1 0.98 0.48 
5.7 30 44  0.5 1.75 0.13 0.93 0.47 
5.7 30 61 0.5 2 35 0.19 0.96 0.48 
5.7 30 20 0.5 1.9 0.19 0.92 0.46 

Penictllium sp. 

6.5 30 21 0 0625 0.96 0.031 0.88 22.0 
6.5 30 4.9 0.0625 0.12 0.03 0.87 27.0 
6.5 30 9.9 0.15 0.59 0.02 0.94 24.0 
6.5 30 9.8 0.3 0.67 0.04 0.89 29.0 

R'= coefficients of determination 

particle may be so thin that it may not play any major role. Therefore, C = C, and KO can be 
w ~ t t e n  as16.28.29. 31 

where KO = k&. 

KO in eqn (4) is independent of the adsorbate concentration. The desorption rate constant, 
Kdr can be calculated from eqn (4). Table I1 shows the % values for different amounts of ad- 
sorbent used, keeping the pH and temperature constant. From Table 11, it can be concluded that 
the adsorption may not be rate controlling as the Kd values were observed to decrease with in- 
crease in the amount of adsorbents for adsorption studies. 

4. Conclusions i 
From detailed adsorption studies, PP was found to be the best biomass in terms of adsorption 
kinetics, whereas PS was found to be suitable in terms of CU& uptake. The adsorption 
rate showed dual rate, i.e. initial faster followed by slower rate and the adsorption kinetics in- 
creased with increase in pH, biomass as well as initial metal ion concentration in all the cases. 
With increase in temperature, the kinetics increased up to a certain temperature, there- 
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Table ? 
Calculated k values 

Waste b!ornr;sa 

0 I 0.723 0 194 1 4 0  X 10" 
0 3  0 617 0.08 4.9 X 10.' 

after WC and PS showed a reverse trend. while PP and %B showed no remarkable change. 
The loading capacity increased with decrease in biomass amount as well as Increase of initial 
Cu" concentration. An equilibrium isotherm has also been developed for each of the adsorb- 
ents studied in order to predict the number of stages required to reduce the Cu" concentration 
in a continuous operation. The adsorption process followed the Freundlich adsorption isotherm 
and the equilibnum concentrations for different experiments were calculated by using this iso- 
therm. A mathematical conelation was made between mass-tranafer adsorption coefficient 
(KO), equilibrium ~ u ' ~  concentration (C,) and the bulk CU" concentration (Cal for different 
times (0. The rate-determining step was found to be diffusion controlled rather than adsorpt~on 
controlled. The adsorption results were well explained by using mass-transfer adsorption 
model. 
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