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Abstract  

Spent coffee grounds (SCG) immobilized in agarose gel are proposed as a novel binding agent 

for application in the Diffusive Gradients in Thin films (DGT) technique for the determination of 

Cd, Cu, Ni, Pb and Zn in waters. The SCG-agarose gel was characterized by Scanning Electron 

Microscopy, Energy Dispersive X-ray Spectrometry and Porosimetry by nitrogen adsorption. 

Elution of analytes from the binding agent was effectively performed with 2 mol L−1 HCl. The 

effects of key DGT parameters (e.g. immersion time, ionic strength and pH) were evaluated with 

a deployment of DGT devices (DGT-SCG) in synthetic solutions with ionic strengths between 

0.005 mol L-1 and 0.1 mol L-1 and within a pH range of 3.5 to 8.0. The results were in excellent 

agreement with the predicted theoretical curve for mass uptake. Consistent results were found for 

solutions with ionic strengths between 0.005 mol L-1 and 0.1 mol L-1 and within a pH range of 

3.5 to 8.0. The DGT-SCG performance was also evaluated in two spiked river water samples 

(Corumbataí and Piracicaba river) with satisfactory uptake values (CDGT-SCG/Csol) between 0.74 

to 1.53. The proposed DGT-SCG opens opportunities for using residual biomass as binding 

phase in the DGT technique, showing low costs in production and complying with “green” 

technology approaches.  

 

Keywords: Macro-DGT; spent coffee grounds; metal; labile species; river water. 
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Introduction 

 

Information of trace element speciation in waters is necessary to obtain an understanding of 

aquatic toxicity and bioaccumulation as well as to the partitioning of elements between water, 

colloidal and particulate phases [1]. Alteration in the speciation of trace elements can 

dramatically change their toxicity. Techniques, which combine high sensitivity with speciation 

capabilities, are required for trace metal analysis in waters [2]. 

A capable analytical speciation method is the Diffusive Gradients in Thin films technique 

(DGT) [3]. This technique is based on Fick’s First Law in which e.g. hydrated metal ions, 

dissolved inorganic complexes or small labile organic complexes pass through a hydrogel layer 

of known thickness and pore size by molecular diffusion. Subsequently, these ions are 

immobilized on a binding resin. This resin only adsorbs free and kinetically labile metal ions. 

Therefore, this technique provides a superior measure of biologically available metals than the 

analysis of dissolved or total metal concentrations. A major advantage of the DGT technique is 

the in situ deployment, whereas in conventional sampling and storage, changes in the nature and 

distribution of metal species in freshwaters have been shown. In addition, DGT provides a time-

integrated measure of metal concentrations and furthermore is capable of multi-elemental 

measurement. Additionally, DGT pre-concentrates metal solutes improving method detection 

limits [4]. 

The DGT device conventionally employs a diffusive agent consisting of a polyacrylamide 

hydrogel and a binding agent consisting of a Chelex-100 resin immobilized in a polyacrylamide 

hydrogel. Over the years from the development of this technique, many kinds of other materials 

have been developed and proposed as binding agents for the DGT technique.  
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A biological substrate Saccharomyces cerevisiae yeast immobilized in agarose gel was used as 

a binding phase for DGT technique to determine Ba, Cd and Pb in sea water and river water 

finding results in agreement with the conventional DGT technique [5–7].  

Sui et al. [8] employed carboxymethyl cellulose sodium (CMC) as binding phase and Cu2+, 

Cd2+ and Pb2+ concentrations were determined accurately in synthetic solutions (spiked river 

water, spiked industrial wastewater and spiked lake water) with recoveries of 92.12% for Cu2+, 

100.6% for Cd2+ and 96.43% for Pb2+.  

The liquid binding phase containing sodium polyacrylate was studied by Fan et al. [9] for 

Cu(II) and Cd(II) DGT measurements. The ligand was tested with four types of solutions: 

synthetic river water (with and without EDTA), natural river water spiked with Cu(II) and 

Cd(II), and industrial effluent. The binding agent was successfully applied with a recovery of 

98.79 % for Cu(II) and 97.80 % for Cd(II).  

The cellulose phosphate-based Whatman P81 membrane, which is considered a strong cation 

exchange membrane, was proposed by some authors [6,10–15] as a new binding phase in DGT 

measurements of Ba, Cd, Co, Cu, Hg, Mn, Ni, Mn, Pb, U and Zn in different types of water 

(river water, petroleum-produced formation water, treated acid mine drainage water). The reuse 

of this binding agent was suggested by Li et al. [10] for up to four times for the Cd and Cu 

determination. The reuse of P81 membrane was established positively due to the fact that 

membranes are more mechanically robust than the hydrogel-based binding phases when eluted 

again with acid. However, P81 membrane have its production commercially stopped. Further 

relevant binding phases can be found in a recent review, where the authors presented several 

binding phases which may possibly vary according to analytes and also the matrix of deployment 
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[16]. However, until now most of the proposed binding phases are relatively expensive and 

represent a significant part of the DGT device costs.  

A conventional DGT device is assembled with diffusive and binding phase gels of 2.5 cm 

diameter that result in a window area of 3.14 cm2. Considering an application of this device in 

water (using a diffusive gel thickness of 0.8 mm), a preconcentration factor of about 15 can be 

obtained for a deployment time of 48 hours [4]. This factor can be improved by increasing the 

window area, e.g. from 15 (3.14 cm2) to 30 (6.28 cm2). Additionally, considering the use of DGT 

for imaging approaches (e.g. in soils and sediments), conventional DGT devices can not cover 

large areas. In this sense, using a DGT devices with larger window (macro-DGT) would be 

helpful, but cost of the binding phase will become very expensive. Therefore, the first step to 

development of macro-DGT is to develop a cheaper binding phase. 

Natural products generally discarded as waste or spinoff (called residual biomass), such as 

sugar cane bagasse [17], peanut hulls [18], apple waste [19] and watermelon rind [20] have been 

investigated and provide significant removal efficiency of several metal ions from water [21]. It 

was found that several functional groups present in the cell wall of biomasses (such as carboxylic 

and phenolic groups) provide some attractions to the metal ions providing a high efficiency to its 

removal from water solutions [22,23]. Despite the efficiency of residual biomass to uptake 

metals, the main motivation for using these materials are their low costs (e.g. as compared with 

resins). Additionally, the use of residual biomass currently complies with “green” technology 

approaches. 

Coffee is one of the most popular beverages consumed by people from all over the world and 

about 50% of ground coffee beans are disposed as waste. The use of this residual biomass has 

been explored as adsorbent to remove metal ions from water solutions [24]. In the last decade, 
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the use of spent coffee grounds has been reported to uptake As, Cd, Cr (VI), Cu, Pb, Hg, Ni and 

Zn [25–31]. 

For the first time, the present study evaluates the use of residual biomass of coffee (spent 

coffee grounds - SCG) immobilized in agarose as a binding phase for DGT. The use of hydrogels 

made from biomass is innovative and counts on the reduction of costs in the gel preparation. 

Studies have already been carried out on the reuse of the binding phase of DGT and the results 

show to be impossible to reuse the binding gel because it disintegrates partially (or deform) when 

performing the elution with HCl or HNO3. The present study included investigation of the pH 

and ionic strength dependence of the binding phase on uptake of the analytes under controlled 

conditions in the laboratory. Furthermore, the in-lab performance for DGT analysis of spiked 

river water samples (from the Corumbataí and Piracicaba River) to measure the DGT-labile ions 

of Cd, Cu, Ni, Pb and Zn were analysed. Thus, if ensured that coffee grounds can effectively 

uptake metals in DGT technique, inexpensive DGT devices can be produced and a potential 

binding phase for macro-DGT can also be developed. 

 

Materials and methods 

Equipment and accessories 

 

Elemental analysis of aqueous eluates was carried out by Inductively Coupled Plasma Optical 

Emission Spectrometer (ICP-OES) using an iCAP™ 6000Series (ThermoScientific™, DEU) 

equipped with a V-groove nebulizer (Glass Expansion, AUS) and a cyclonic spray chamber 

(Glass Expansion, AUS). The ICP-OES system was operated under the following conditions: 

forward power 1,150 W; plasma gas flow rate 10 L min−1; auxiliary gas flow rate 0.5 L min−1; 
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nebulizer gas flow rate 0.75 L min−1; sample introduction flow rate 3.0 mL min-1. Measurements 

of Cd, Cu, Ni, Pb and Zn were performed at emission line 228.8 nm; 324.7 nm; 221.6 nm; 220.3 

nm and 213.8 nm, respectively.  

A pH meter (Model 3505, Jenway, GBR), a conductivity meter (Model 470, Jenway, GBR), a 

magnetic stirrer (Model 752, Fisatom, BR), an orbital shaker (PR70 Red Rotor, Hoefer, USA) 

and a refrigerator incubator BOD (TE-390, Tecnal, BRA) were used. For centrifugation, Falcon 

tubes (15 ml) and a centrifuge (Model B4i, Jouan, FRA, angle rotor AB-15.4; max. speed 4000 

rpm; angle degree 37; radius 135 mm; max. RCF 2415 x g) were used. 

The Dissolved Organic Carbon (DOC) was determined by a General Electric Carbon Analyzer 

(GE Sievers InnovOx, USA). The major anions, sodium and potassium in river water samples 

were determined by ion chromatography (Metrohm 930 Compact IC Flex).  

A Scanning Electron Microscope (SEM) with Energy Dispersive X-ray spectrometer (EDX) 

(Hitachi Tabletop Microscope TM3000, JPN) (20 kV), operated at low vacuum chamber (1–15 

Pa), was used for characterizing the morphology and structure of the agarose spent coffee 

grounds (agarose-SCG) gel disks surface.  

 

Reagents, materials and solutions  

 

All reagents were of analytical grade or better and all solutions were prepared with ultra-pure 

water (Milli-Q, with >18.2 MΩ cm−1 resistance, Millipore, USA). DGT polyacrylamide hydrogel 

diffusion layers (0.80 mm thickness), DGT Chelex-100 resin layer and nylon DGT holders were 

purchased from DGT Research Ltd., GBR. The binding gel was prepared with agarose NA 

(Amresco LLC, USA). Cellulose acetate membranes (Membrane Filter Supplies, 25 mm 
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diameter, 0.45 mm pore size and 0.13 mm thickness, Sartorius Stedim Biotech, USA) were used 

as the covering diffusive gel (soaked in 1 mol L-1 HNO3 for 24 h, rinsed and stored in 0.025 mol 

L-1 NaNO3 at 4 °C before use). Analytical grade nitric and hydrochloric acid were purified by a 

sub-boiling distillation system (DistillAcid, Berghof, DEU) prior to use. All vessels (glass, DGT 

devices, PE, HDPE) used in this work were prepared by acid washing (cleaned by keeping in 

20% HNO3 for at least 4 hours), rinsed at least 7 times with deionized water, 3 times with 

ultrapure water and dried before use.  

The deployment solutions were prepared from a stock of 1000 mg L−1 (obtained from SpecSol, 

BRA) multi standard solution. The ionic strength was adjusted using a 1 mol L−1 NaNO3 stock 

solution (Synth, BRA).  

 

Spent coffee grounds and characterization 

 

All the experiments were performed using SCG (Pilão™, BRA) from an espresso coffee 

machine (pressure 9 bar; temperature 92 °C, Cafemaq model La Spaziale S2, BRA). Dried SCG 

(35 - 40°C, 12 hours, forced air laboratory oven, Fanem, Model 320 SE, BRA) were first 

grounded in a stainless-steel beater mill (IKA™ A11 Basic Mill, BRA) three times for 30 

seconds. After pulverization, the coffee ground’s particles were sieved and the fraction of 250 

µm (60 Mesh) was selected for this work.  

Specific surface area and pore size distribution of SCG surface were determined by nitrogen 

adsorption in a Surface Area and Porosimetry Analyzer (ASAP 2020, Micromeritics, USA) at 

temperature 77 K using 0.5 g of minced SCG. The Brunauer–Emmett–Teller (BET) method [32] 

was used for determination of the surface area. 
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Scanning Electron Microscope (SEM) with Energy Dispersive X-ray spectrometer (EDX) 

(Hitachi Tabletop Microscope TM3000, JPN) (20 kV) operated at a low vacuum chamber (1–15 

Pa), was used for characterizing the morphology and structure of the agarose-SCG gel disks 

surface. The sample was not dried or covered with gold in order not to lose the gel structure. 

 

Preparation of agarose SCG binding gel and assembly of DGT devices 

 

Agarose was dissolved in 30 mL of water (80 °C) in a hot plate and dried 250 µm (particle size 

– 60 Mesh) SCG were added to the solution by stirring (preliminary test show carried with 500 

µm SCG resulted in non-homogeneous gels). The mixture was then transferred to a preheated 

gel-casting (a homemade gel-casting support was built with two plates of glass, separated by 0.6 

mm thick plastic spacer strip) at 80 °C and remained on the support until it reached room 

temperature. The gel (≈0.6 mm thick) was cut into 2.5 cm diameter disks, washed, and preserved 

in purified water (4 °C). After some tests involving different amounts of agarose and SCG, the 

ideal amount of the compound needed to make the binding gel more consistent and easier to 

handle were 3 % of agarose and 10 % of SCG.  

DGT devices were assembled by placing an agarose-SCG gel disk on the piston (25 mm 

diameter) with a diffusive layer of polyacrylamide and a cellulose acetate membrane to protect 

the device.  

After deployment, the DGT devices were removed from the solution and disassembled. The 

agarose-SCG gel disks were rinsed with water and the ligand was placed in a plastic tube 

containing 4 mL of HCl 2 mol L-1 for elution.  The tubes were shaken for a period of 24 hours. 
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After that, liquid and solid phases were separated by centrifugation (at 4000 RPM) for 20 

minutes. The liquid phase was then analysed by ICP-OES.  

 

Adsorption kinetics, Elution Efficiency and Biosorption Capacity of agarose-SCG gel disks 

 

Studies about sorption kinetics of the agarose-SCG binding were performed on a deployment 

of gels in 50 ml of 500 µg L-1 of Cd, Cu and Pb solution (0.025 mol L-1 NaNO3 at pH 5.5) at 

23°C under constant stirring. Each agarose-SCG gel disk were removed at different times from 5 

min to 360 min and eluted. The remaining concentrations of analytes in the solution were 

measured at the same time intervals (0, 5, 30, 60, 120 and 360 min). The retained masses of 

analytes on the gel disk were calculated by the difference between the initial and remaining 

concentrations. 

Uptake efficiencies for Cd, Cu, Ni, Pb and Zn were measured by deployment of three agarose-

SCG gel disks in 50 ml of 500 µg L-1 of mixed analyte solution (prepared in 0.025 mol L-1 

NaNO3 at pH 5.5). The solutions were maintained under constant stirring for six hours and the 

gels were removed for analysis. To determine the mass of analytes remaining in the solution, 

subsamples were taken and analysed by ICP OES. The total mass of adsorbed metals and 

consequently uptake efficiencies were calculated by difference. 

To evaluate the elution procedure, an agarose-SCG gel disks were placed into each solution 

(50 mL, duplicate) containing 500 µg L-1 of analytes. The pH of the solutions was adjusted to 5.5 

with 1 mol L-1 HCl and the ionic strength was adjusted to 0.025 mol L-1 with NaNO3. The 

solutions were also maintained under constant stirring for the same six hours. The elution factor 

(fe) was calculated according to Eq. 1: 
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    fe = melu / mret   (1) 

where melu is the mass eluted and the mret is the mass retained in the ligand (agarose-SCG gel 

disks). 

The removal capacity of metal ions by SCG biosorbent was also made in the same elution 

procedure. The concentration of the retained ions (qt) by SCG biosorbent was calculated using 

the following equation Eq. 2, according to Chabani and Bensmaili [33]: 

    qt = (Ci – Cf)V m-1  (2) 

where qt is the removal capacity of metal ions by the biosorbent (mg g-1); Ci and Cf are the 

concentrations of initial and final solution (ng mL-1); V is the solution volume (mL) and m is the 

agarose-SCG gel disk mass (g). 

 

Diffusion coefficient of metal ions 

 

The test standard solution was used with two litres of a solution containing 500 µg L-1 of 

analytes at pH 5.5, an ionic strength of 0.025 mol L-1 NaNO3 and a temperature of 23 ± 1 °C. 

DGT devices and clamps were stabilized for 24 h (without the binding, diffusive agent and 

cellulose acetate membrane) under stirring to avoid a decrease of solution concentration during 

deployment. After that, the DGT devices were washed with ultra-pure water, assembled with the 

prepared agarose-SCG gel disk, a polyacrylamide diffusive gel and a cellulose acetate 

membrane. The devices were deployed in the solution and removed after 4, 12, 24, 48 h. After 

deployment, the analytes were eluted from the disks. 

The basic equation of DGT theory is presented as Eq. 3[4]: 

    Cs = M∆g(DtA)-1  (3) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 12

where A (cm2) is the exposed area of ligand; ∆g (cm) is the ligand + diffusive gel thickness; M 

(ng) is the mass of analyte in each disk; Cs (µg L-1 = ng mL-1) is the analyte concentration of 

deployment solution and t (s) is the deployment time. Therefore, the diffusion coefficient, D 

(cm2 s-1), can be calculated according Eq. 4: 

    D = M∆g(CstA)-1  (4) 

For a specific solution, if analytes and the other DGT parameters are maintained constant, Eq. 

3 implies that there is a linear relationship between M and t. Therefore, the diffusion coefficient 

(D) of metal ions in the diffusive layer can be calculated from the slope (s) of the relationship 

between the amount of metal ion accumulated by the DGT units (normalized for metal ion 

concentration in solution) and the deployment time, demonstrated by Eq. 5: 

    s = M (Cst)
-1   (5) 

Thus, the diffusion coefficient D can be calculated with the Eq. 6: 

    D = s∆g(A)-1    (6) 

For correlation of diffusion coefficients performed in different temperatures, Stokes-Einstein 

relation (Eq. 7) was used [34]: 

    D1η1/T1 = D2η2/T2  (7) 

where D1 and D2 are diffusion coefficients, η1 and η2 are viscosities of water at absolute 

temperatures T1 and T2, respectively. 

 

Effect of ionic strength and pH on the retention of analytes 

 

The effect of the ionic strength on the retention of analytes was evaluated using four solutions 

(1 L) containing 500 µg L-1 of analytes at 23 °C and pH 5.5. The solutions were prepared with 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 13

ionic strength values of 0.005 mol L-1, 0.01 mol L-1, 0.05 mol L-1 and 0.1 mol L-1 NaNO3. To test 

the performance at different pH, four solutions (1 L) containing 500 µg L-1 of analytes at 23 °C 

and 0.025 mol L-1 NaNO3 ionic strength were prepared with pH values of 3.5, 5.0, 6.5 and 8.0. 

The devices were then retrieved from the solutions after 6 h for both tests. 

 

Deployment of the DGT devices in spiked river water 

 

DGT samplers were deployed in two spiked river water samples (2L, collected from the 

Corumbataí River – Rio Claro/SP, Brazil and Piracicaba River – Piracicaba/SP, Brazil) for six 

hours to evaluate the performance of the novel binding gels. The river sample from the 

Corumbataí River was spiked with 20 µg L−1 of metal ions and the sample from the Piracicaba 

River with 50 µg L−1 of analytes. These river samples were chosen for sampling as the region is 

an important agricultural area of sugarcane and receives effluents from industries such as textile, 

ethanol and chemistry. Table 1 shows the physical and chemical parameters of the Corumbataí 

and Piracicaba River samples. Deployments were performed at constant temperature (23 °C) to 

avoid alteration of the diffusion coefficient of analytes. The solutions were stirred constantly to 

reduce a possible creation of the Diffusive Boundary Layer (DBL).  

 

Results and Discussions 

Characterization of the biosorbent 

Physical parameters obtained by Porosimetry analysis by N2 adsorption for SCG indicated 

average results for surface area SP and pore volume VP of 0.30 ± 0.03 m2 g-1 and 0.00088 ± 

0.00002 cm3 g-1, respectively. For comparative purposes, results of the analysis of N2 adsorption 
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porosimetry for dried banana peel with values of Sp and Vp 0.41, 0.000108, respectively, were 

presented in the work of Liu et al. [35]. This indicates that values of specific area and volume of 

the SCG studied and the alternative adsorbent presented by cited authors were similar.  

The morphology of SCG was observed with Scanning Electron Microscope (SEM). Figure 1A 

e 1B show high-magnification (1000x) images taken from spent coffee grounds in order to show 

the distribution of pore size. These SEM images showed rough surface and multiplicity of pores 

which could facilitate the adsorption of metal ions. Some authors were suggested that the 

biomass porosity represent active sites to adsorption process for Cd, Cu, Pb and Cr 

[20,28,36,37].  

Figure 1C shows a low-magnification of the agarose-SCG gel disk surface (before metal 

biosorption). The sample was not dried or covered with gold in order to not to lose the gel 

structure. The picture shows that the coffee grounds were homogeneously distributed on the disk.   

The agarose-SCG gel disk surface before metal biosorption was characterized by X-ray Energy 

Dispersive Spectroscopy coupled with Scanning Electron Microscopy (SEM-EDX) from various 

spots on the surface of agarose-SCG gel. Figure 1D illustrates a typical spectrum. This EDX 

spectrum revealed a particularly intense peak of potassium (reported in previous studies of 

Zarrinbakhsh et al. [38] and a presence of C (64%), O (35%), K (1%) and Al (0.3%). The 

contents of agarose-SCG are similar to the work of Dávila-Guzmán et al.[27], where oxygenated 

groups are related to carboxylic, hydroxyl and phenolic groups, which are functional groups 

capable to adsorb metals from aqueous solutions.  

 

Adsorption Kinetics, Elution Efficiencies and Biosorption Capacity of the agarose-SCG gel 

disks 
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The sorption kinetics of agarose-SCG binding gel (and elution) for Cd, Cu and Pb are shown in 

Figure 2. Although the behavior of uptake is not similar for the three elements, the amount of 

uptake mass was very similar (about 10.000-14.000 ng for the three elements).  

The determined uptake and elution efficiencies during 6 hours (now including Ni and Zn) for 

agarose-SCG binding layer are show in Table 2. The uptake efficiencies for all analytes have 

reasonable results (ranged from 56.5 to 73.0%). The uptake efficiency of Cu was similar to 

studies of Shiva et al. [46] (75.5%) using a binding layer made of PAMPAA (polyacrylamide- 

polyacrylic acid). 

The agarose-SCG gel disk elution efficiencies using HCl 2 mol L-1 were 63 ± 3; 100 ± 4; 60 ± 

5; 97 ± 6; 65 ± 4 % for Cd, Cu, Ni, Pb and Zn, respectively. The values of Cu and Pb are higher 

than the established value of 80 % using 1 mol L-1 HNO3 with a binding layer of Chelex [4]  

suggesting that the procedure using HCl was very efficient for these elements. Mason et al. [39] 

also conducted their studies with the use of HCl in elution of Cd, Cu, Mn, Mo, P and Zn with an 

elution efficiency of 92 % for all elements excluding Mo (79%). A previous test using 1 mol L-1 

HNO3 as eluent was unable to elute Cu and Pb.  Thus, HCl 2 mol L-1 was used as eluent for 

prospective experiments.  

The biosorption capacity for the removal of Cd, Cu, Ni, Pb and Zn by agarose-SCG gel disks 

were at least 0.51; 1.8; 0.44; 0.64 and 0.48 mg g-1, respectively. The highest value for 

biosorption capacity was for Cu. These results were similar to the previously reported study by 

Liu et al. [20]. Results for Cd and Pb were also similar to the biosorption capacity reported by 

others authors for walnut shell and banana peel [40], [41]. Therefore, SCG immobilized in 
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agarose presented a suitable performance for uptake of Cd, Cu, Ni, Pb and Zn and, potentially, 

can be used as a binding phase for the DGT technique. 

 

Diffusion coefficient measurements using deployment curve 

 

The linear relationship between accumulated mass (M) and deployment time (t) has been used 

as a requirement for the viability of novel DGT devices. Triplicates of DGT devices were 

retrieved after 4, 12, 24 and 48 h. Controls consisted of units that were not deployed at all (DGT 

blank). At each sampling interval, 5 mL of deployment solution were sampled to monitor the 

analyte concentrations.  

To account for the possible decrease in metal concentration in solution during the experiment 

caused by the adsorption on the container wall, the mass of accumulated ions was normalized by 

the concentration of the deployment solution. The proposed DGT-SCG performed equally well 

as evidenced by the regression coefficients of the five linear curves shown in Figure 3 

(correlation coefficients R2 = 0.992 – 0.999).  

Based on the data presented in Figure 3 (and using Eq. 6), the diffusion coefficients of Cd, Cu, 

Ni, Pb and Zn through the polyacrylamide diffusive gel at pH 5.5 are outlined in Table 3. 

The diffusion coefficients found are in agreement with previously reported values (81 – 96%) 

[42], [43]. The diffusion coefficients determined are also in agreement with those measured by 

Panther et al. [44] using a mixed binding layer (Chelex-100 and the titanium dioxide based 

adsorbent Metsorb) (78 – 101 %). Therefore, the proposed material made from agarose-SCG can 

be successfully used as a binding agent for the DGT technique. 
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DGT method detection limit  

  

Blanks were conducted in triplicate for each DGT deployment and their mass measurements 

were calculated using the equation below (Eq. (8)). The average blank mass was subtracted from 

the accumulated mass for each analyte to obtain corrected mass values (ng).  

M = (Ce (Ve + Vgel))(fe)
-1   (8) 

where Ce is the analyte concentration in the eluent, Ve is the volume of the eluent (4 mL), Vgel 

is the volume of the gel (0.185 mL) and fe is the elution efficiency for each analyte. 

Method detection limits (MDL) were calculated for each analyte for the Chelex and agarose-

SCG binding layers as three times the standard deviation of the blanks mass (ng) [39,45,46]. The 

detection limits were converted to concentrations (µg L-1) using the DGT equation (Eq. (3)) with 

the diffusion thickness, ∆g of 0.093 cm (diffusive layer and filter membrane), deployment time, t 

of 48 h (in seconds), an available gel area, A of 3.14 cm2 and diffusion coefficients (D) obtained 

from the deployment curve test of this study. 

The DGT-SCG MDL values based on blank binding gels were 0.17, 9.29, 0.99, 0.30 and 0.90 

for Cd, Cu, Ni, Pb and Zn, respectively. Almeida et al. [12] reported DGT MDL values of 7.7 for 

Cu, using a paper-based cellulose phosphate ion exchange membrane (Whatman P 81 paper) as 

the binding agent. Compared to the present approach, the Cu level of detection was similar. A 

similar range of DGT limit of quantification (DGT-MQL) were reported by Díaz et al. [47] for 

Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn evaluation in a drinking water treatment plant. The 

limit of quantification reported by these authors in a deployment of 24 h ranged from 1.5 to 28.3 
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µg L-1. Even considering the difference between the limit of quantification and limit of detection, 

the levels determined by this approach have the same order of magnitude. 

 

Effect of pH and ionic strength on the retention of metal ions 

 

The effect of the ionic strength on the binding of metal ions to agarose-SCG gel disks is shown 

in Figure 4 (ratio between concentration measured by DGT and concentration of analytes in the 

deployment solution). For all the range of ionic strength studied, mean Zn concentration obtained 

by DGT-SGC showed small variation (≥ 80 %), suggesting that the ionic strength did not affect 

the Zn accumulation. The results obtained showed that the Cd and Ni uptake by SCG were 

slightly overestimated in the range of ionic strength studied with mean recoveries between 111 

and 141 %. The relatively high recovery values for Cd and Ni may be due change on diffusion 

on the ions as the gels were not conditioning for each ionic strength test. For Cu and Pb, the 

concentrations determined by the DGT technique decreased slightly with the reduction of ionic 

strength, but this effect was smaller than 20 %, so the proposed ligand can be used in the range 

of the ionic strength studied.  

Figure 5 shows the pH dependence on the uptake of analytes in a pH range of 3.5 to 8.0. The 

ratios of metal ion concentrations measured by DGT and the concentration obtained by direct 

ICP-OES measurement were plotted against the pH. Cu and Zn were measured appropriately in 

the whole pH range studied by using the proposed approach.  

Comparing the agarose-SCG resin with Chelex-100 resin, Gimpel et al. [48] reported accurate 

measurements of Cd in pH from 5 to 10; Zn in pH from 3.5 to 10 and Cu in a pH between 2 and 

10. These results are consistent with other studies, where the retention of Cd was also decreased 
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in a pH below 5 [4,45]. Thus, similarly as reported for baker yeast [5], SCG is more effective 

than Chelex-100 resin for measurements of Cd in lower pHs.  

 

Analysis of spiked river water samples 

 

Performance of the DGT samplers assembled with the proposed binding agent agarose-SCG 

was effective to analyse spiked river water (Corumbataí River sample spiked with 20 µg L-1 Cd, 

Cu, Ni, Pb and Zn and Piracicaba River sample spiked with 50 µg L−1 Cd, Cu, Ni, Pb and Zn). 

DGT devices deployed in both river water samples were also compared to traditional Chelex 

binding layers. For these analysis, three devices of proposed DGT-SCG and DGT-Chelex were 

deployed for 6 h and temperature was maintained at 23 °C. Results are shown in Table 4. 

For Cd, Cu, Ni and Zn, the uptake values (CDGT-SCG/Csol) of labile metals by DGT-SCG in the 

Corumbataí River and Piracicaba River samples ranged between 0.74 to 1.53, except for Cu in 

the Piracicaba River with an overestimated value (2.64), possibly due to a contamination. 

Panther et al. [44], using a mixed binding layer (Chelex-100 and the titanium dioxide based 

adsorbent Metsorb), obtained values of CMBL/CSol between 0.82 and 1.18 for Mn, Co, Ni, Cu, Cd, 

and Pb. 

For Pb, the proposed DGT-SCG device cannot bind totally the labile Pb (CDGT-SCG/Csol 

between 0.05 to 0.21). Chelex-100 binding phase also was not able to sample all Pb species from 

deployment solution.  Probably Pb is present in the samples as the inert form PbSO4 and/or 

Pb(OH)2. Shiva et al. [46] reported a study using a binding layer made of PAMPAA 

(polyacrylamide- polyacrylic acid) and a mixed binding layer (MBL, containing both Chelex and 
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Metsorb) with DGT Pb labile concentrations representing 17 – 37% of Pb filterable 

concentrations.  

The uptake of labile fractions of Cd, Cu, Ni and Zn obtained with Chelex (CDGT-Chelex/Csol) was 

similar to (or lower than) the proposed device of DGT-SCG with values between 0.22 and 1.14.  

These results suggest that the proposed device of DGT-SCG can measure quantitatively the 

labile Cd, Cu, Ni and Zn concentrations in freshwater samples as conventional DGT devices. 

As considering only the agarose price (bought in Brazil), a disk of DGT-SCG costs about £ 

0.52. Thus, when picturing a macro-DGT with an area 10 times greater, the binding phase cost 

will be about £ 5.2.  Even for emerging countries this price is reasonable. Additionally, it should 

be pointed out that although measurements were made using ICP-OES (an expensive technique), 

the proposed DGT-SCG device could be combined e.g. with colorimetric based methods for the 

determination of the analytes. Thus, a complete inexpensive approach for monitoring potential 

toxic elements (Cd and Pb) and micronutrients (Cu and Zn) could be obtained. This approach can 

extend the use of DGT to all world regions and is an opportunity in regions were monitoring is 

not performed due to expensive costs of sampling and analysis. 

 

Conclusions 

 

A new binding phase for DGT technique based on the use of spent coffee grounds was 

proposed. The proposed binding phase was effective for measurements of labile Cu, Cd, Ni, Pb 

and Zn in spiked river water samples. The DGT-SCG showed a satisfactory performance for 

ionic strength ranging from 0.005 mol L-1 to 0.1 mol L-1. Also, the analyte uptakes were 

independent in a pH range of 3.5 to 8.0, which allows the use of DGT-SCG in river water for a 
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wide variety of conditions. The DGT-SCG has low costs in production and opens opportunities 

for the use of residual biomass as binding phase in the DGT technique and further the macro-

DGT technique. The new DGT-SCG has the requirements to become a very reliable, effective 

and inexpensive tool for sampling ions in different kinds of water samples. Finally, the use of 

residual biomass currently complies with “green” technologies approaches. 
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Table 1. Physical and chemical parameters measured in spiked river water. 

 Corumbataí River Piracicaba River 

Conductivity (µS cm-1) 94 330 

Ionic strengtha (mol L-1) 0.0009 0.004 

TDSb (mg L-1) 49 211 

DOC (mg L-1) 4.8 7.1 

pH  7.3 7.5 

T (°C) 25.0 22.5 

HCO3
- (mg L-1) 27.2 85 

F- (mg L-1) 0.075 0.29 

Cl- (mg L-1) 4.76 47 

NO2
- (mg L-1) 0.055 0.40 

NO3
- (mg L-1) 7.45 30 

PO4
- (mg L-1) < 0.040 0.94 

SO4
2- (mg L-1) 1.83 56 

Li+ (mg L-1) < 0.010 < 0.010 

Na+ (mg L-1) 4.56 6.71 

K+ (mg L-1) 1.59 2.30 

Mg2+ (mg L-1) 3.30 1.87 

Ca2+ (mg L-1) 5.28 5.08 

NH4
+ (mg L-1) < 0.050 < 0.050 

a ionic strength, values calculated according to Griffin and Jurinak [46]. 

b TDS total dissolved solids, relationship between TDS and electrical 
conductivity [47]. 
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Table 2. Uptake and elution efficiencies of metal ions for agarose-SCG gel disks. 

Mean ± sd (n = 3). Solutions containing 500 µg L−1 of analytes. 

 Uptake efficiency Elution efficiency  

Cd 62.8 ± 1.2 62.9 ± 3.7 

Cu 67.7 ± 7.1 100.0 ± 4.1 

Ni 56.5 ± 1.0 59.7 ± 5.4 

Pb 73.0 ± 1.4 96.7 ± 5.8 

Zn 61.6 ± 1.0 65.0 ± 3.6 

 

 

 

Table 3. Diffusion coefficients (x10-6 cm2 s-1) of metal ions in polyacrylamide gel 

obtained by a deployment curve at pH 5.5 and a temperature of 23°C. Mean ± sd (n = 

3). 

 Found (DGT-SCG) Reference (Recovery) 

Cd 4.61 ± 0.02 5.21 (88 %)a 

Cu 4.79 ± 0.03 5.90 (81 %)b 

Ni 5.17 ± 0.01 5.47 (95 %) b 

Pb 6.26 ± 0.02 7.61 (82 %) b 

Zn 5.52 ± 0.02 5.76 (96 %)b 

a Data from Garmo et al.41 

b Data from DGT Research42 
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Table 4. Concentrations of metal ions in spiked river water samples (µg L-1) using the 

proposed approach (DGT-SC). 

  Cd Cu Ni Pb Zn 

Corumbataí 

River 

Csol
a 15 ± 4 15 ± 7 19 ± 2 14 ± 7 50 ± 26 

CDGT-SCG
b 23 ± 5 13 ± 4 14 ± 5 3 ± 1 54 ± 38 

CDGT-SCG/Csol 1.53 0.87 0.74 0.21 1.08 

CDGT-Chelex
c 10 ± 1 9 ± 1 14 ± 1 7 ± 2 45 ± 18 

CDGT-Chelex/Csol 0.67 0.60 0.74 0.50 0.90 

Piracicaba 

River 

Csol
a 35 ± 5 39 ± 4 43 ± 3 33 ± 5 49 ± 5 

CDGT-SCG
b 31 ± 4 103 ± 42 53 ± 30 1.7 ± 0.7 75 ± 14 

CDGT-SCG/Csol 0.89 2.64 1.23 0.05 1.53 

CDGT-Chelex
c 26 ± 1 8.8 ± 0.4 37 ± 1 1.7 ± 0.4 56 ± 4 

CDGT-Chelex/Csol 0.74 0.22 0.86 0.05 1.14 

a Total concentration of metals in solution determined by ICP OES. 

b Labile concentrations determined by DGT using the proposed device. 

c Labile concentrations determined by DGT using Chelex resin. 
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Figures caption 

 

Figure 1. (a) Scanning electron micrograph (SEM) of spent coffee ground before metal 

biosorption (x1000), (b) SEM of SCG after metal biosorption (x1000), (c) SEM of agarose-SCG 

gel disks surface before metal biosorption (100x) and (d) Energy dispersive X-ray spectroscopy 

(EDX spectrum) of agarose-SCG gel disk surface.  

 

Figure 2.  Adsorption kinetics of Cd, Cu and Pb adsorbed by agarose-SCG gel disks in solutions 

containing 500 µg L−1 of analytes and 0.025 mol L−1 NaNO3 at pH 5.5 and 23 °C for different 

times from 300 to 21600 s.  

 

 

Figure 3. Mass of ion: (a) Cd2+, (b) Cu2+, (c) Ni2+, (d) Pb2+ and (e) Zn2+ accumulated in the resin 

normalized by the ion concentration in the solution for various deploying times. Ionic strength = 

0.025 mol L-1 NaNO3; pH = 5.5; temperature = 23°C; ∆g = 0.093 cm; A = 3.14 cm2 

 

Figure 4. Effect of ionic strength (0.005 – 0.1 mol L-1 NaNO3) on uptake of Cd2+, Cu2+, Ni2+, 

Pb2+ and Zn2+ by agarose-spent coffee grounds gel disks. Deployment solution: 500 µg L-1 of 

each analyte; temperature: 23°C; pH: 5.5; deployment time: 6h; DGT devices: 3. Mean ± sd. 

 

Figure 5. Effect of pH (3.5 – 8.0) on uptake of Cd2+, Cu2+, Ni2+, Pb2+ and Zn2+ by agarose-spent 

coffee grounds gel disks. Deployment solution: 500 µg L-1 of each analyte; temperature: 23°C; 

ionic strength: 0.025 mol L-1 NaNO3; deployment time: 6h; DGT devices: 3. Mean ± sd. 
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Figure 1. (a) Scanning electron micrograph (SEM) of spent coffee ground before metal 

biosorption (x1000), (b) SEM of SCG after metal biosorption (x1000), (c) SEM of agarose-SCG 

gel disks surface before metal biosorption (100x) and (d) Energy dispersive X-ray spectroscopy 

(EDX spectrum) of agarose-SCG gel disk surface. 
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Figure 2. Adsorption kinetics of Cd, Cu and Pb adsorbed by agarose-SCG gel disks in 

solutions containing 500 µg L−1 of analytes and 0.025 mol L−1 NaNO3 at pH 5.5 and 23 °C for 

different times from 300 to 21600 s.  
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Figure 3. Mass of ion: (a) Cd2+, (b) Cu2+, (c) Ni2+, (d) Pb2+ and (e) Zn2+ accumulated in the resin 

normalized by the ion concentration in the solution for various deploying times. Ionic strength = 

0.025 mol L-1 NaNO3; pH = 5.5; temperature = 23°C; ∆g = 0.093 cm; A = 3.14 cm2 
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Figure 4. Effect of ionic strength (0.005 – 0.1 mol L-1 NaNO3) on uptake of Cd2+, Cu2+, Ni2+, 

Pb2+ and Zn2+ by agarose-SCG gel disks. Deployment solution: 500 µg L-1 of each analyte; 

temperature: 23°C; pH: 5.5; deployment time: 6h; DGT devices: 3. Mean ± sd. 
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Figure 5. Effect of pH (3.5 – 8.0) on uptake of Cd2+, Cu2+, Ni2+, Pb2+ and Zn2+ by agarose-SCG 

gel disks. Deployment solution: 500 µg L-1 of each analyte; temperature: 23°C; ionic strength: 

0.025 mol L-1 NaNO3; deployment time: 6h; DGT devices: 3. Mean ± sd. 
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Highlights 

 

• For the first time, spent coffee grounds (SCG) was used as binding layer by 

Diffusive Gradients in Thin films (DGT) technique. 

• The proposed DGT-SCG opens chances for using residual biomass, presenting 

low costs in production and complying with “green” technology approaches. 

• Determination of Cd, Cu, Ni, Pb and Zn was efficient in spiked river water. 

• Possibility of future studies with the use of larger and lower cost DGT devices. 

 

 

 


