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Abstract: The feasibility of a separation technique using ultrafiltration in connection

with humic substances—humic-substance-enhanced ultrafiltration (HSEUF)—was

investigated for the removal of the toxic heavy metals copper and cadmium. HSEUF

is based on the high molecular weight of humic substances, as well as the binding of

multivalent metals such as copper and cadmium to these materials. As the humic

acid concentration increased, the removal of copper and cadmium was enhanced

because of the increase in binding sites. As the pH of the solution increased, the

removal of copper and cadmium was further improved because the solubility of the

humic substances increased. In the simultaneous removal of copper and cadmium,

the binding of cadmium to humic substances was inhibited significantly by the

presence of copper at the low concentration of humic acid. However, copper binding

was not affected by the presence of cadmium, because the affinity of copper to

humic substances was greater than that of cadmium.
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INTRODUCTION

Various industrial wastewaters produced by industries such as metal plating,

metal finishing, mining, aerospace production, automotive manufacturing,

and battery production, as well as by general chemical processes, contain

toxic heavy metals. Conventional methods for the elimination, concentration,

and/or recovery of these heavy metals are precipitation, ion exchange,

electrodeposition, crystallization, evaporation, and liquid-liquid extraction.

Some of the processes present great disadvantages, such as the use of hetero-

geneous reactions or distribution of substances among different phases. Such

phenomena are controlled by diffusion and usually require long operating

times. In other processes, final metal recovery requires additional treatments,

which make the process more complicated and expensive (1).

It is well known that the membrane separation process combined with

surfactant micelles (micellar-enhanced ultrafiltration) or polyelectrolytes

(polyelectrolyte-enhanced ultrafiltration) can remove heavy metals effectively

(1–13). Various surfactants and complexing agents such as sodium dodecyl

sulfate, polyacrylic acid, and polyethyleneimine were investigated for the

removal of heavy metals by ultrafiltration. However, the environmental

hazard of complexing agents, surfactants, or polyelectrolytes that may

remain in the effluent is a serous disadvantage of these methods.

Brown and black biopolymers associated with soil, sediment, and particu-

lates suspended in water and consisting of material derived from the degra-

dation of animals and plants are referred to as humic substances (14).

Humic acid is one of the main components of organic carbon in natural

aquatic environments (14, 15). These substances are a mixture of weak-acid

polyelectrolytes and organic macromolecules exhibiting a large range of

molar-mass distribution, substances, and functionalities. The main functional

groups present in a sample of humic acid are carboxylic acids, alcohols,

phenols, carbonyls, phosphates, sulfates, amides, and sulfides. All of these

groups are capable of interacting with metal species in solution (16). It is

therefore possible that the metal cations may interact with either the soluble

fraction of the humic substance or the colloidal fraction of the humic

substance, or both.

The present study investigates the feasibility of using humic-substance-

enhanced ultrafiltration (HSEUF) to remove heavy metals in low concen-

trations from the aqueous phase using nontoxic humic substances instead of

anionic surfactants or synthetic polyelectrolytes.

MATERIALS AND METHODS

Four types of salts—Cu(NO3)2, Cd(NO3)2, CuCl2 and CdCl2—were

purchased from Aldrich Chemical (USA). A technical grade of humic acid
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purchased from Aldrich Chemical was used in the experiments without further

purification. This humic acid was selected as a well-documented, representa-

tive commercial humic product that could easily be prepared in aqueous

form. Based on the information provided by Aldrich Chemicals, this

product, derived from lignite obtained via open-pit mining in Germany,

contains approximately 9.4% Fe oxides, 3% S, 2% Na, 0.5% Ca, 0.4% Al,

0.05% Mg, and 0.04% K and has an average molecular weight of 20,000 to

50,000 Da (17). The concentrations of deprotonated ionizable sites were

reported as 2.90, 3.03, and 3.23 mmol/g at pH 5.0, 5.5, and 6.0, respec-

tively (18). Figure 1 shows the Fourier transform infrared (FTIR) spectrum

of humic acid purchased from Aldrich. The contents of -COOH (910 cm21

and 1680 cm21), aromatic groups (750 2 900cm21), tertiary alcohol groups

(1120 cm21), amine groups (3420 cm21), and aldehydes/alkyl groups

(1384 cm21) were observed. However, phenolic groups (1270 cm21) were

not observed clearly. The pH of synthetic wastewater was adjusted by 1 N

HNO3, HCl, and NaOH. The initial concentration of metals was 10 mg/L.

The concentration of humic acid varied from 0.05 to 1.0 g/L. Dead-end

stirred-cell (Millipore, USA) and regenerated cellulose membranes with

molecular weight cut-off (MWCO) values of 3000 and 10,000 Da were

used for ultrafiltration. Batch filtration was carried out at room temperature

and 2 bar of transmembrane pressure by nitrogen. The initial 50 mL of

Figure 1. FTIR spectrum of Aldrich humic substance.
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solution was filtered until it was reduced to 25 mL, where the volume

reduction (VR ¼ Vfeed/Vretentate) was 2. The permeate concentrations of

copper and cadmium were measured by atomic absorption spectroscopy

(AAS, Perkin Elmer 3300, USA), and the humic acid concentration was

measured by a chemical oxygen demand (COD) kit (Humas, Korea).

RESULTS AND DISCUSSION

Effect of Humic Acid Concentration

As the concentration of humic acid increased, the concentration of deproto-

nated ionizable groups, which are binding sites for heavy metals, increased

also. As a result, the removal of copper and cadmium increased (Fig. 2). At

pH 6 and .0.5 g/L of humic acid, .92% of the copper and cadmium were

removed with a 3000-MWCO membrane, while .90% were removed with

a 10,000-MWCO membrane.

The removal of copper and cadmium in the nitrate form as a counterion

was slightly higher than the removal in the chloride form. The higher

removal in the nitrate form, especially for cadmium, results from the higher

concentration of metal ions with þ2 as valence. Metal ions form various

species or complexes in aqueous solution. The feasible complexes of copper

and cadmium and their distributions were calculated by MINEQLþ (Environ-

mental Research Software, USA) software (Table 1). In the presence of nitrate

Figure 2. Removal characteristics of copper and cadmium with (A) 10,000-MWCO

membrane and with (B) 3000-MWCO membrane. Initial concentration of metal:

10 mg/L of copper and/or 10 mg/L of cadmium, ionic strength: 0.05-mol/L NaNO3

or NaCl, initial pH: 6.0, temperature: 258C.
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or chloride, some of the metal ions form (MeNO3)þ, (MeCl)þ, and MeCl2(aq).

In the case of cadmium, more than 50% exists as forms of (CdCl)þ and

CdCl2(aq). The binding of Cd2þ to humic acid is preferred to (CdCl)þ

because ion binding to micelles or polyelectrolytes increased with the

valence of the ion (2–9).

At the low concentration of humic acid, the copper removal was higher

than the cadmium removal. This phenomenon was observed more clearly

with simultaneous removal of copper and cadmium. At 0.1 g/L of humic

acid, the removal percentages for cadmium and copper were 31 and 81%,

respectively, with the 10,000-MWCO membrane and 34 and 84%, respect-

ively, with the 3000-MWCO membrane (Fig. 2). These results are consistent

with the micellar-enhanced ultrafiltration of copper and cadmium using

sodium dodecyl sulfate (11). There have been research reports that the

binding affinity of copper to polyelectrolytes or micelles was stronger than

that of cadmium (11–13). In this study, however, valence change due to

metal speciation was the major reason for higher levels of copper removal

compared with those for cadmium.

To compare the flux carried out at various conditions, the concept of

relative flux against flux of deionized water was introduced. Relative flux

was defined as follows: (flux of sample)/(flux of deionized water), where

the flux of deionized water was 23.4–27.5 l/m2/hour for the 3000-MWCO

membrane and 91.4–100.7 l/m2/hour for the 10,000-MWCO membrane.

The relative flux is shown in Fig. 3 as a function of humic acid concentration.

Generally, flux is a function of retentate surfactant concentration in the

micellar-enhanced ultrafiltration (2–9). As the concentration of humic acid

in the feed increased, the relative flux decreased slightly because the concen-

tration of membrane foulants increased. It is well known that a hydrophobic

interaction between the membrane and the humic substances is a major

mechanism in water treatment using a membrane process. However, in this

study, fouling of the regenerated cellulose membrane by humic acid was

not significant because of the hydrophilic characteristics of the regenerated

membrane.

Table 1. Distribution of equilibrium concentration of copper and cadmium species in

the presence of nitrate and chloride

Counterion Metal Me2þ(%)

(Me(NO3)þ or

(MeCl)þ (%)

Me(NO3)2 or

MeCl2 (%)

NO3
2 Cd 99.4 0.6 —

Cu 99.4 0.6 —

Cl2 Cd 47.8 49.9 2.3

Cu 97.6 2.3 —
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Not only the metal concentration but also the humic acid concentration in

the permeate should be considered in wastewater treatment processes.

Permeate humic acid results in COD and produces the brown color of

treated water. Thus, higher levels of humic acid in the permeate require

another advanced treatment process. COD in the permeate is shown in

Fig. 4 as a function of humic acid concentration in the feed. At a higher con-

centration of humic acid and a higher-MWCO membrane, more humic acids

Figure 4. Permeate chemical oxygen demand with (A) 10,000-MWCO membrane

and with (B) 3000-MWCO membrane. Initial concentration of metal: 10 mg/L of cop-

per and/or 10 mg/L of cadmium, ionic strength: 0.05-mol/L NaNO3 or NaCl, initial

pH: 6.0, temperature: 258C.

Figure 3. Relative flux with (A) 10,000-MWCO membrane and with (B) 3000-

MWCO membrane. Initial concentration of metal: 10 mg/L of copper and/or

10 mg/L of cadmium, ionic strength: 0.05 mol/L NaNO3 or NaCl, initial pH: 6.0,

temperature: 258C.
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passed through the membrane; as a result, the permeate COD increased. Even

though the concentration of humic acid increased from 0.5 to 1.0 g/L, the

removal of heavy metals did not increase significantly and COD in the

permeate increased from 55–60 to 90–95 (for a MWCO of 10,000). Consider-

ing the consumption of humic substances, recovery of heavy metals, and

permeate water quality, the lower humic concentration (0.5 g/L) is superior

to the higher concentration (1.0 g/L). The effects of counterion and metal

on the permeate COD were negligible.

Effect of Ionic Strength

The metal removal with respect to the ionic strength for the simultaneous

removal of copper and cadmium is shown in Fig. 5. As the ionic strength

increased, the removal of copper and cadmium decreased gradually and the

permeate COD decreased slightly. The flux was independent of ionic

strength. According to Spark et al. (16), humic molecules were coiled into

rigid spherocolloids at high ionic strength. Only the surface of colloidal

humic acid would interact with metal ions. Therefore, the complexation of

metal ions with humic acid decreased, resulting in lower levels of copper

and cadmium removal.

Effect of pH

Figure 6 shows the simultaneous removal of copper and cadmium as a

function of solution pH. In a membrane with a MWCO of 3000 and at

Figure 5. Effect of ionic strength on the simultaneous removal of copper and cad-

mium: (A) removal characteristics, (B) relative flux and permeate chemical oxygen

demand. Initial concentration of metal: 10 mg/L of copper and 10 mg/L of cadmium,

humic acid concentration: 0.1 g/L, initial pH: 6.0, temperature: 258C.
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0.1 g/L of humic acid, the removal of copper increased from 45 to 99% and

that of cadmium increased from 18 to 62% as the solution pH increased from

4 to 8. At the low solution pH, a large quantity of protons in solution proto-

nated carboxylic or phenyl groups of humic acid. At a higher solution pH,

however, the proton bound with functional groups can be deprotonated and

the deprotonated carboxylic and phenyl groups can bind copper and

cadmium ions. Furthermore, at a higher concentration more precipitation of

copper and cadmium is expected in the form of hydroxide. However, Spark

et al. reported that the presence of the humic acid significantly reduced the pre-

cipitation of the metals at both low- and high-salt concentrations, probably due

to the formation of soluble metal-humic species (16). This means that the

quantity of heavy metals removed by HSEUF might be greater than those

removed by precipitation.

CONCLUSIONS

At the humic-acid concentration of .0.5 g/L, 85–92% of copper and

cadmium were removed by HSEUF in a single metal system and similar

levels were observed in the simultaneous removal of copper and cadmium.

At the concentration of ,0.5 g/L humic acid in the simultaneous removal,

the copper removal was much higher than that of cadmium because of

higher affinity of copper to humic acid compared with that of cadmium.

The removal of metal decreased as the ionic strength increased because of

rigid spherocolloids of humic acid at high ionic strength. The removal of

copper and cadmium increased as solution pH increased due to deprotonation

Figure 6. Effect of pH effect the simultaneous removal of copper and cadmium: (A)

removal characteristics, (B) relative flux and permeate chemical oxygen demand.

Initial concentration of metal: 10 mg/L of copper and 10 mg/L of cadmium, humic-

acid concentration: 0.1 g/L, NaNO3 concentration: 0.05 mol/L NaNO3, 258C.
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of functional groups and hydroxide precipitation. Even though it is well

known that the humic substances are major foulants in membrane process,

the flux reduction was negligible in HSEUF. Thus, HSEUF is considered an

economically and environmentally feasible process to remove low concen-

trations of heavy metals because humic acid is a natural biopolymer and

selective to heavy metals.
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