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ABSTRACT: Spent coffee grounds (SCGs) are common waste large :,‘“«. :. &
products that can be used as low-cost adsorbents to remove coffee 4= & t :' &
contaminants from water. SCGs come in a range of particle sizes particles bf‘:":: ““i Qv“""'?‘f ‘Q"“?\G Qv“ﬂ‘h
based on how they were ground to brew coffee. However, few ’i,.:o,. ,"""'Y'l’ ’.f'"“"'" *:}"‘
studies have investigated how SCG particle size influences the

adsorption rate and capacities of metal ions. In this study, SCGs

were washed under alkaline conditions, creating exhausted coffee Ao oy S L“"' ‘§’ S ey
grounds (ECGs). ECGs were sieved into four particle size ranges ng?fael(la 1 7] kp'*‘* ,‘{3«‘5 J"'} I‘..‘~ e [+ !!'—'5 I‘.\ '2&’5
(106—300, 300—500, 500710, and 710—1000 xm). Mono- particles| §§ ~ & g ,_%: g k"(3::' & gy
component batch adsorption experiments were conducted with

each size fraction using 0.3 mM Pb**, Cu**, Zn**, and Ni** at pH time
5.5 to examine the effect of particle size on the adsorption rates and

capacities. The initial adsorption rates for all the four metal ions were 8—12 times higher for the smallest ECGs compared to the
largest ECGs. Slower initial adsorption rates with increasing particle size were due to intraparticle diffusion of metal ions into the
porous structure of ECGs. However, the equilibrium adsorption capacities for each metal ion and the surface acidic group
concentrations were similar across the range of particle sizes studied, suggesting that grinding ECGs does not substantially change
the number of adsorption sites. The equilibrium adsorption capacities for Cu>* and Pb** were 0.18 and 0.17 mmol g™, respectively.
Zn** and Ni** had lower adsorption capacities of 0.12 and 0.10 mmol g, respectively. The time needed to reach equilibrium ranged
from less than 2 h for Zn** and Ni** adsorption onto the smallest ECGs to several hours for Pb** or Cu®* adsorption onto the largest
ECGs. Future adsorption studies should consider the effect of ECG particle size on reported adsorption capacities, particularly for
shorter experiments that have not yet reached equilibrium.

= metal ion

Bl INTRODUCTION

The adsorption rates and capacities of metal ions onto SCGs

Heavy metal ions such as Pb**, Cu®*, Zn*, and Ni** can
contaminate water from natural and anthropogenic sources
such as mining, industrial, and agricultural activities.' ™ These
metal ions are toxic and do not readily degrade in the
environment. Metal ions can be removed from water with
adsorbents such as activated carbon,® commercial resins,®
charcoal,® bone char, silica,” clay,8 banana peels,9 tea leaves,'’
Coffee production yields several forms of
waste including used coffee grounds, typically referred to as
spent coffee grounds (SCGs). Almost 170 million bags of
coffee (10.2 million metric tons of beans) were consumed in

11
and coffee waste.

2020,"” providing large quantities of SCGs that can be
repurposed as economical adsorbents for water treatment.'>"*
SCGs are porous, lignocellulosic materials that have already
been shown to have good adsorption capacities for metal ions
(Table 1). Moreover, SCGs have also been shown to have
excellent reusability with more than 90% of their adsorption
capacity retained through multiple adsorption—desorption

cycles using acidic conditions (pH < 2) for regeneration. >~
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depend on variables such as adsorbent preparation, initial
solution concentration, adsorbent dose, pH, contact time,
temperature, and particle size.'”'* Unlike many biosorbents,
SCGs are already ground into different particle sizes depending
on the desired brew for coffee consumption. For example, drip
coffee requires medium to coarse particles that are
approximately 600—1200 ym while espresso and Turkish
coffee require finer particles that are 200—600 um."® While
many adsorption experiments report the particle size of
SCGs,”'>'%""7*? only a few studies have considered particle
size as a variable for adsorption capacities, producing
contradictory findings.”*™>° Adsorption capacities have been
reported to be higher for smaller coffee grounds compared to
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Table 1. Highest Reported Equilibrium Adsorption Capacities for Coffee Ground Adsorbents”

particle size initial concentration

ion coffee type (um) (mM) pH
Pb*  exhausted NR <0.291 S
spent 1000—2000 <1.45 S
coffee ground NR 0.19 S
untreated <150 0.386 S
residues
exhausted 1000—710 0.3 S5
exhausted <1000 <0.20 S
spent NR <12
activated <75 0.48 6
exhausted
spent NR <1.0 4.5
modified 833 <2.7 S
modified NR <12 4
Cu**  exhausted <1000 <0.20 S
exhausted NR <0.291 S
exhausted 1000—-710 0.3 S.5
spent NR <4.72 S
spent NR <10 4.5
spent <500 <1.0 4.5
modified 833 <1.6 S
modified NR <4.72 S
Zn**  exhausted NR <0.291 S
exhausted <1000 <0.20 N
untreated <150 0.31 S
residues
spent (washed) NR <2.29 S
exhausted 1000-710 0.3 S.5
spent (unwashed)  NR <229 S
aged CG biochar <149 0.76 NR
biochar from NR 0.1-5 N
SCG
Ni**  spent 1000—2000 <s.11 S
spent (washed) NR <2.56 S
treated exhausted 250—450 2.12
exhausted 1000—710 0.3 S5
spent (unwashed) ~ NR <2.56
AC from SCG NR 0.5-2.0 6

“Values that were not reported are listed as NR.

contact time solid to solution adsorption capacity

(min) (gL™) (mmol g™") Reference
overnight 0.971 0.0724 32
360 40 0.079 9
steady state 2.5 0.111 33
180 2 0.127 19
240 1 0.168 this study
overnight 3 0.239 16
7200 1.25 0.24 34
75 1.5 0.297 35
overnight S 0.32 17
7200 1 0.59 36
7200 1.25 0.77 34
overnight 3 0.0306 16
overnight 0.971 0.0479 32
240 1 0.184 this study
7200 2.5 0.19 34
overnight S 0.21 17
920 1 0.216 21
7200 1 0.73 36
7200 2.5 1.53 34
overnight 0.971 0.0483 32
overnight 3 0.0575 16
180 2 0.070 19
180 10 0.082 1
180 1 0.119 this study
180 10 0.156 1
720 1 0.347 37
240 25 0.526 38
360 40 0.039 9
180 10 0.074 1
60 6.7 0.077 22
180 1 0.102 this study
180 10 0.128 1
1440 0.8 0.884 39

larger coffee grounds after 60 min. For instance, Pb**
adsorption experiments after 60 min indicated a 9% greater
removal of Pb** from solution for coffee grounds less than 200
um compared to coffee grounds greater than 200 pm.”
Similarly, Sr** adsorption onto SCGs ranging from 100 to 900
pum concluded that finer particles had about 2.5% more uptake
than coarser particles after 60 min.”* Moreover, Fe?*
adsorption was 37.1% higher for 210—355 ym SCGs compared
to 500—645 um grounds after 60 min.”> Although finer coffee
grounds have been shown to reach equilibrium with metal ions
such as Cd** within 60 min,””
with SCGs report that equilibrium is not reached until 120 or
180 min."'***** One study that investigated SCG particle size

with 240 min adsorption experiments reported that particle
26

many adsorption experiments

size did not have an effect on Cd*" adsorption capacities.
From this review of the literature, we hypothesized that smaller
coffee grounds have faster adsorption rates than larger coffee
grounds, causing smaller particles to have higher adsorption
capacities at shorter reaction times. Other biosorbents with
smaller particle sizes have faster adsorption rates of metal

38601

ions;?* ™! however, no studies to our knowledge compared
metal ion adsorption rates based on particle size for SCGs.
The goal of this work was to determine the adsorption rates
and capacities for four metal ions onto different particle sizes of
coffee grounds. SCGs were washed under alkaline conditions
to remove soluble organic compounds producing exhausted
coffee grounds (ECGs).! 17212232 Monocomponent batch
experiments were conducted with four heavy metal ions (Pb*,
Cu®, Zn**, and Ni**) adsorbing onto ECGs that were
separated into four particle size ranges representative of
common particle sizes of used coffee grounds: 106—300, 300—
500, 500—710, and 710—1000 ym. The equilibrium adsorption
capacities and initial adsorption rates were quantified and
compared. Differences in initial adsorption rates across the
particle size ranges investigated were explained using an
intraparticle diffusion model coupled with images of Pb**
adsorption to the ECGs using scanning electron microscopy.

B RESULTS AND DISCUSSION

Characterization of ECGs. ECGs were prepared by
washing SCGs under alkaline conditions and sieving them

https://doi.org/10.1021/acsomega.2c04058
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into four different particle size ranges. The smallest fraction
was 106—300 pm, the middle fractions were 300—500 and
500—710 pm, and the largest fraction was 710—1000 ym. The
surface morphology was identified with backscattered electron
imaging using scanning electron microscopy (SEM) for each of
the four size fractions (Figure 1). These images verified that

b. 300-500 ym

a. 106-300 pm

¢. 500-710 ym d. 710-1000 ym

Figure 1. Backscattered electron images collected of ECGs
representing particles from the size ranges of 106—300 um (a),
300—500 ym (b), 500—710 um (c), and 710—1000 yum (d). Scale
bars represent 200 ym.

sieving separated most of the ECGs into appropriate size
fractions. It is worth noting that when coffee is ground, a
variety of shapes are formed, yielding heterogeneity in the

evacuated cells."””"* Macropores are developed, which are
20—40 pm in size. An extensive network of macropores is
visible in the images of the larger size fractions (Figure 1c,d);
however, it is clear that grinding coffee into finer particles
destroys many of the macropores from the originally roasted
beans and increases the external surface area (Figure lab).*”
In addition to macropores, ECGs also contain nanometer-sized
pores called mesopores (2—S0 nm) that would not be visible
with SEM but provide a substantial surface area for
adsorption.*

The functional groups associated with the ECG structure
were characterized with attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy. Each of the
unreacted particle sizes produced similar spectra with
absorption bands representing the lignocellulosic material
found in coffee.”>"***"*7%% A broad peak around 3300 cm™!
is mainly attributed to the O—H stretching vibration with a
minor contribution from the N—H stretching vibration (Figure
2a). Sharp peaks at 2923 and 2853 cm™" represent asymmetric
and symmetric C—H stretching vibrations. At 1743 cm™, a
sharp peak represents a carbonyl stretching vibration, likely
from polysaccharides, hemicellulose, and aliphatic esters.”"*> A
peak at 1648 cm ™' represents C=C vibrations found in lipids
and fatty acids." The fingerprint region below 1600 cm™
contains a variety of peaks representing vibrations such as C—
H, C-0O, C—N, and P—O vibrations that are difficult to
assign.47

The ECG surfaces were characterized with Boehm titrations
to quantify acidic surface groups and with a batch equilibrium
method to determine the pH values of the point of zero charge
(Table 2).>”*7° Acidic surface groups were quantified by

Table 2. Chemical Composition of ECG Surfaces

particles associated with each size fractior.l. For ex.ample, Figure total acidic lactone and hydroxyl
la clearly shows that the 106—300 pm size fraction includes a size fraction groups carboxyl groups groups
range of shapes and sizes. Backscattered electron images (um)  pHpzc  (mequivg™) (mequiv g (mequiv g™)
confirmed that the microstructure of ECGs was a porous 106300 47 0.66 0.40 0.25
network (Figure 1). When coffee is roasted, CO, and other 300-500 5.0 0.60 0.45 0.15
gases are formed, which cause internal pressure that makes the 500—710 5.5 0.52 029 023
roasted coffee crack and develop pores associated with 710-1000 5.5 0.58 0.37 021
100 1 96 1 — Unreacted
— Pb2r
—— Cu?*
—Zn**
— Niz*
3 3
[ [
S 3
z £
(72} 172}
c C
g g
R ES
0 — T T T T 76 T T \
4000 3600 3200 2800 2400 2000 1600 1200 800 1760 1740 1720 1700
a. wavenumber (cm-") b. wavenumber (cm-)

Figure 2. Representative FTIR spectra with ATR correction for 106—300 ym ECGs before and after Pb**, Cu**, Zn**, or Ni** adsorption (a). The

carbonyl stretch around 1740 cm™" shifts to slightly lower wavenumbers upon adsorption of each metal ion (b).

38602 https://doi.org/10.1021/acsomega.2c04058

ACS Omega 2022, 7, 38600—-38612


https://pubs.acs.org/doi/10.1021/acsomega.2c04058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04058?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04058?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04058?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04058?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
a. 0.16 - b. 0.18 -

0.14 é § & & @ 0.16 - ; § @ i 68
7 § & s 2 % 3 5 b 3
2 0.12 s 2 1 4 g 0M1 o2 4 i : g
3 ﬁé i 8 0.12 - é %

o 0.10 5 o 8 t i
8 . g 0.10 ¢ i
Soos{ ¢ I 4 IR
b 3 g oot "3
2 0.06 I % S 0061 5.4
: } el
£ 004 1 ﬁ € 004 {01
o o
0.02 - 0.02 A }
0.00 # T T T T 0.00 # T T T T
0 60 120 180 240 0 60 120 180 240
time (min) time (min)
c. 0.12 5 d. 0.12 4
—~ 0.10 A —~ 0.10 A
3 3
§ 0.08 4 % § é ?3 0.08 4 B % g ?
SN o "% 1 ghe] !
g |4 2 it
& 006 - ; 20,06 -
3 &
) i S i
: 0.04 E 0.04 1 = 4106-300 ym
= i ; ®300-500 pm
S 0.02 A 0.02 4 ©500-710 um
A710-1000 uym
0.00 % T T T 0.00 #® T T T
0 60 120 180 0 60 120 180
time (min) time (min)

Figure 3. Adsorption curves for 0.3 mM Pb** (a), Cu** (b), Zn** (c), and Ni** (d) from monocomponent adsorption experiments onto ECGs.
Error bars are standard deviations from replicate measurements.

Table 3. Parameters for Kinetic Models Including Pseudo-First-Order Rate Law Constants (k;), Pseudo-Second-Order Rate
Law Constants (k,), Calculated Adsorption Capacities at Equilibrium (g.), and Initial Adsorption Rates (v,) for 0.3 mM Metal

Ions Adsorbed to Four Particle Size Ranges of ECGs

pseudo-first order

pseudo-second order

ion particle size (um) k; (min~!) R? k,(g mmol™" min™") g.(mmol g™") vo(mmol g™' min™") R*
Pb** 106—300 0.0108 0.907 1.08 0.1527 0.025 1.000
300—-500 0.0105 0.941 0.742 0.1512 0.0170 1.000
500-710 0.0090 0.964 0.160 0.1606 0.00414 0.999
710—1000 0.0074 0.977 0.0815 0.168 0.00231 0.996
Cu?* 106—300 0.0103 0.857 0.660 0.1734 0.0199 1.000
300-500 0.0098 0.905 0.457 0.1735 0.0137 0.999
500—-710 0.0075 0.960 0.159 0.1674 0.0044 1.000
710—1000 0.0056 0.979 0.070 0.184 0.00238 0.998
Zn** 106—300 0.014 0.699 3.11 0.0920 0.026 1.000
300-500 0.013 0.769 1.84 0.0903 0.018 0.999
500-710 0.007 0.313 0.517 0.094 0.0046 0.996
710—1000 0.00S 0.429 0.152 0.119 0.0022 0.958
Ni?* 106—300 0.014 0.567 6.76 0.0883 0.052 1.000
300—-500 0.015 0.738 4.52 0.0895 0.036 1.000
500-710 0.013 0.593 1.58 0.096 0.014 0.998
710—1000 0.0111 0.888 0.57 0.102 0.0059 0.998

reacting the ECGs with 0.05 M NaOH, which neutralizes
phenolic, lactone, and carboxyl groups. Lactone and carboxyl
groups were quantified by reacting the ECGs with 0.05 M
Na,CO;. The phenolic group concentration was determined
by taking the difference between the acidic group concen-
trations determined from reactions with NaOH and Na,CO;.
The total acidic surface groups ranged from 0.52 to 0.66

38603

mequiv g '. There were no clear trends in the concentrations
of various acidic groups with respect to ECG particle size.
Lactone and carboxyl groups were present in greater quantity
compared to hydroxyl groups on the ECGs with concen-
trations ranging from 0.29 to 0.45 mequiv ¢! and from 0.15 to
0.25 mequiv g~', respectively (Table 2). Another study
reported a comparable concentration of total acidic surface

https://doi.org/10.1021/acsomega.2c04058
ACS Omega 2022, 7, 38600—38612
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Figure 4. Initial adsorption rates (a) and equilibrium adsorption capacity (b) and for varying particle sizes of ECGs using 0.3 mM Pb**, Cu®*, Zn*",
and Ni?* calculated from the linear form of the pseudo-second-order kinetic model. Error bars represent the standard error calculated from linear

regression.
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Figure . Intraparticle diffusion plots of adsorption capacity as a function of the square root of contact time for 0.3 mM Pb** (a), Cu** (b), Zn**
(c), and Ni** (d). Error bars are standard deviations from replicate measurements.

groups on SCGs (0.75 mequiv g~'); however, the SCGs had a
higher concentration of hydroxyl groups compared to that of
the carboxylic groups (0.52 and 0.23 mequiv g~', respec-
tively).”!

The pH values of the point of zero charge (pHp,c) were
determined to ensure that reactions were conducted with
ECGs that would be able to attract positively charged metal
ions. The pHpy values ranged from 4.7 for the smallest
particles and S.5 for the largest particles (Table 2 and Figure
S1). Other studies have reported similar pHp,: values for
SCGs ranging from 4.5 to 5.65.1 72304 Previously, metal ion
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adsorption onto ECGs has been shown to be optimal under
mildly acidic conditions (pH 4—6). At pH < 4, H" ions can
compete for ion-exchange adsorption sites on coffee’s surfaces,
and at pH > 6, some metal ions can precipitate out as
hydroxides.'”*" A target pH of 5.5 was chosen for adsorption
experiments so that the pH was high enough for ECG surfaces
to potentially have a negatively charged surface to attract
positively charged metal ions while keeping the pH low enough
to prevent precipitation of metal ions from solution.
Adsorption Experiments. Adsorption curves were plotted
for each monocomponent experiment of 0.3 mM Pb*', Cu*',

https://doi.org/10.1021/acsomega.2c04058
ACS Omega 2022, 7, 38600—38612
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Figure 6. Backscattered electron images of cross sections of 710—1000 ym ECGs exposed to 0.3 mM Pb** for 20 (a—c), 120 (d—f), and 240 min
(g—1). Brighter gray on the coffee grounds represents areas with higher concentrations of Pb**. Scale bars represent 200 ym. All images were
collected with the same brightness and contrast for comparison between samples.

Zn**, and Ni** adsorbed to each particle size fraction of ECGs
(Figure 3). The kinetic data was fit with the linear forms of the
pseudo-first-order and pseudo-second-order kinetic models
(eqs 1 and 2 detailed in the Materials and Methods section).
Using these models, the adsorption capacities at equilibrium
(ge), the pseudo-first-order and pseudo-second-order rate law
constants (k; and k,), and the initial adsorption rates (v,) were
calculated for each experimental condition (Tables 3 and Sl
and Figure 4). The correlation coefficients (R*) were
compared for the two models with the pseudo-second-order
model producing better fits (0.958 < R* < 1.000) than the
pseudo-first-order model fits (0.313 < R* < 0.979) (Table 3
and Figures S2 and S3). Previous studies have also shown that
the pseudo-second-order kinetic model well represents the
adsorption kinetics of metal ions onto the surface of
coffee, 19263451

The intraparticle diffusion model proposed by Weber and
Morris was used to assess the rate-limiting steps for adsorption
by plotting adsorption capacity as a function of the square root
of time. The resulting plots have one or more linear regions.”
If the plot yields a straight line through the origin, the
adsorption rate is limited by intraparticle diffusion. However, if
two or three regions of linearity are observed, multiple stages
of adsorption are present. Over 240 min of reaction time, two
or three linear regions were observed for the ECGs (Figure
5).>*7 For smaller particles, the first step was instantaneous
adsorption onto the external surfaces of the ECGs.”* The
second step was gradual adsorption controlled by intraparticle
diffusion. The third step was an equilibrium step as the
contaminant migrates slowly from macropores to micro-
pores.”® For larger particles, the first step was not always
present.

Effect of Particle Size on Pb** Adsorption Rates. The
adsorption rates increased as the particle size decreased with
the smallest ECGs adsorbing Pb** over 10 times faster initially
than the largest ECGs (0.025 and 0.00231 mmol g~' min~",

respectively) (Table 2 and Figure 4a). The differences in initial
adsorption rates were evaluated using the intraparticle diffusion
model and backscattered electron images. When the
adsorption capacity was plotted against the square root of
time, the two larger size fractions only had two linear regions
(Figure Sa). The first step associated with the first 120 min of
the experiment was a straight line that almost goes through the
origin, which implies that initial adsorption was limited by
intraparticle diffusion.*"** The second linear region starting at
120 min was likely associated with diffusion into smaller
pores.SB”59

To confirm these assignments, the spatial distribution of
Pb** over time was examined. Several 710—1000 ym ECGs
exposed to 0.3 mM Pb** were removed at different adsorption
times. They were cross-sectioned and imaged using back-
scattered electron imaging with X-ray mapping (Figures 6 and
S4). At intermediate reaction times (e.g,, 20 and 120 min for
Pb**), higher concentrations of adsorbed Pb** were observed
near the edges of the cross-sectioned ECGs (Figure 6a—f). At
20 and 120 min, the visible concentration of Pb** localized
near the edges of the ECGs had average diffusion depths of
131 + 43 pm and 262 + S6 um, respectively (Figure SS and
Table S2). Lower concentrations of Pb** were still observed in
the center of the ECGs early in the experiment (Figure S4). It
is possible that some Pb** ions migrated primarily through
macropores into the center of the ECGs at short reaction
times, but more time was needed for Pb*' to saturate the
adsorption sites found in mesopores. From 120 to 240 min,
backscattered electron images indicate that intraparticle
diffusion still takes place as a more uniform concentration of
Pb*" is observed throughout the ECGs by 240 min (Figures
6d—i and S4); however, the intraparticle diffusion model
suggests the dominant adsorption mechanism shifts to
diffusion into smaller pores (Figure Sa). By 240 min, adsorbed
Pb*" ions were found throughout the entire coffee particle
(Figures 6g—i and S4). However, equilibrium was not yet
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reached because the adsorption capacity had not yet plateaued
(Figure 3a). Longer experiments on the largest ECGs indicated
that Pb*>" adsorption continued slowly as Pb** migrated into
smaller pores of the ECGs. Around 450 min, equilibrium was
reached (Figure S6a), as determined by a third region of
linearity in the intraparticle diffusion plot with a horizontal
slope (Figure S6b).

For the two smaller size fractions, three linear steps were
observed for the plot of adsorption capacity as a function of the
square root of time (Figure Sa). Over half of the adsorption
capacities were reached in the first 10 min. The steep initial
slopes observed for the two smaller size fractions in Figure Sa
suggest immediate adsorption onto the external surfaces of the
ECGs.”" The shallower slope from 10 to 90 min does not go
through the origin, suggesting that intraparticle diffusion is not
the sole rate-limiting step of Pb** adsorption for smaller ECGs.
Since the average Pb** diffusion depths in larger ECGs were
131 + 43 pm and 155 + 35 pm at 20 and 40 min, respectively
(Table S2), intraparticle diffusion into the smallest particles
(<300 um) should be relatively fast. Similarly, intraparticle
diffusion was not observed to be a rate-limiting step for Pb**
adsorption onto small coffee residues (<149 um)."” Instead,
the linear region from 10 to 90 min suggests that adsorption is
likely dominated by diffusion into the smaller pores of the
ECGs (Figure 5a). After 90 min, a very shallow slope is
observed, representing that the system slowly reaches
equilibrium as Pb** adsorbs into the smallest pores of the
ECGs.™

Effect of Particle Size on Pb?* Adsorption Capacities.
While adsorption rates varied markedly based on ECG particle
size, adsorption capacities were similar across all particle sizes
investigated (Figure 4b). At 240 min, the adsorption capacity
for 0.3 mM Pb*" was 17% higher for the smallest particles
(0.149 mmol g™') compared to the largest particles (0.128
mmol g™'). However, the calculated equilibrium adsorption
capacity was 9% higher for the largest particles (0.168 mmol
g™') compared to the smallest particles (0.153 mmol g~')
(Table 3). Another study also found that particle size did not
have an effect on the adsorption capacity of Cd** at 240 min
for untreated coffee grounds.”® Since the calculated equili-
brium adsorption capacities for Pb** were similar across the
particle size ranges investigated, this is likely due to the
location of most adsorption sites on the ECGs. Smaller
particles have more external surface area compared to larger
particles, but the majority of adsorption sites on coftee grounds
are associated on internal surfaces, particularly within
mesopores.”” Based on the backscattered electron images
collected, Pb** is able to diffuse completely into the porous
structure of even the largest ECGs over time. Therefore, our
observations, in conjunction with the knowledge that most
active sites are located in the mesopores of coffee, suggest that
any increases in the external specific surface area of ECGs
when crushed into smaller particles do not change substantially
the available number of adsorption sites for ECGs. This would
yield similar adsorption capacities across the particle size
ranges studied.

The slightly higher calculated Pb** equilibrium adsorption
capacity for the largest ECGs may be attributed to a challenge
associated with the experimental setup. During batch
adsorption experiments, some of the fine grounds (visually
estimated to be 10—15% of all grounds) stuck to the sides of
the container above the solution due to stirring or were lost
when aliquots were removed and filtered over time. The small

loss of grounds throughout the experiment may account for the
slightly lower adsorption capacities calculated for the smaller
grounds. However, we anticipate that adsorption capacities
should be similar for different particle sizes if this experimental
flaw was minimized. Overall, these Pb* adsorption experi-
ments indicate that smaller ECGs have faster adsorption rates
but similar adsorption capacities compared to larger ECGs.

Effect of lon on Adsorption Rates. Adsorption experiments
were conducted with 0.3 mM solutions of Cu**, Ni?*, or Zn**
to determine if other metal ions have similar adsorption
properties compared to Pb*>" when exposed to ECGs of varying
particle sizes. Cu®**, Pb**, and Zn** had similar initial
adsorption rates for each particle size (Figure 4a). For the
largest particles, up to an 8% difference in initial adsorption
rates was observed with Cu’* having the fastest initial
adsorption rate, followed by Pb** and Zn**. While the smallest
particles had up to 31% difference in calculated initial
adsorption rates (Zn®>* > Pb** > Cu®"), the uncertainties in
these calculated rates were large, suggesting minimal differ-
ences in rates between ions (Figure 4a and Table S1). The
plots of adsorption capacity as a function of the square root of
time for Cu®" and Zn** were similar to Pb**, suggesting that all
three had the same rate-limiting steps for adsorption based on
particle size (Figure Sa—c).

The Ni** initial adsorption rates were 2—3 times faster than
the other three ions investigated (Figure 4a). For example, the
initial adsorption rates for the largest particles were 0.0058 and
0.0022 mmol g™' min~' for Ni** and Zn®*, respectively.
Similarly, for the smallest particles, the initial adsorption rates
for Ni** and Cu*" were 0.052 and 0.0199 mmol g~' min~},
respectively. The intraparticle diffusion model had three linear
regions across all the four particle size ranges, suggesting an
initial fast adsorption step even for larger particles (Figure 5d).
The faster adsorption rates of Ni** compared to the other
metal ions investigated have been reported previously for
another biosorbent, sugar beet pulp. In their experiments, the
adsorption rates onto sugar beet pulp particles (0.25—0.50
mm) were fastest for Ni**, followed by Zn**, Cu®*, and Pb**.%°
The author suggested that the Ni** adsorption rates were
higher because the only mechanism for adsorption for Ni** was
ion exchange, whereas the other ions adsorbed more slowly
because they also formed complexes with hydroxyl or carbonyl
groups.”’

Effect of Particle Size on lon Adsorption Rates. Like Pb**,
the initial adsorption rates for 0.3 mM Cu?*, Ni**, and Zn**
were 8—12 times faster onto the surfaces of the smallest ECGs
compared to the largest ECGs (Table 3 and Figure 4a). For
example, the initial adsorption rates for Cu** were 0.020 and
0.0024 mmol g' min~" for the smallest and largest particle
sizes, respectively. Similarly to Pb**, the slower adsorption
rates for larger particles are likely due to the time it takes for
the metal ions to diffuse into the ECGs. After 60 min, the
adsorption capacities were higher for all the four ions for the
smallest particles compared to the largest particles. For
example, the adsorption capacity in 0.3 mM solutions at 60
min was 96% higher for Cu** for the smallest particle size
compared to the largest particle size; it was only 12% higher for
Ni** (Figure 3). The larger difference in Cu®* adsorption
capacities was due to slower initial adsorption rates compared
to Ni** (Figure 4a). Higher adsorption capacities have been
previously reported on smaller coffee grounds at 60 min for
Pb%*, St**, and Fe*.>*7%° By 90 min for Ni** and by 180 min
for Zn**, the adsorption capacities were the same within the
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error for the smallest and largest particles. This is in agreement
with a study of cadmium(II) adsorption at pH 7 for 240 min
that demonstrated that particles from 200 to 800 ym all had
similar adsorption capacities.26 Unlike Ni2* and Zn?, the
smallest particles had adsorbed 19% more Cu** or 17% more
Pb** compared to the largest particles at 240 min. However,
the calculated equilibrium adsorption capacities were 6—29%
higher for the largest particle sizes compared to the smallest
particle sizes for all the four ions studied (Figure 4b). Similar
to Pb**, the adsorption capacities for the other metal ions do
not vary greatly across the particle sizes investigated likely due
to the similar number of active sites on a per gram basis for
different particle sizes. Any observed increase in equilibrium
adsorption capacity for larger particles compared to smaller
particles is likely due to the previously discussed experimental
flaw.

Adsorption Capacities Based on lon. The highest
equilibrium adsorption capacity, g., observed for each metal
ion was compared to the published adsorption capacities on
coffee adsorbents (Table 1). The equilibrium adsorption
capacities for Cu?*, Pb*, Zn**, and Ni** were 0.184, 0.168,
0.119, and 0.102 mmol g, respectively, which all fell within
the published ranges for adsorption capacities of each metal
ion. In our experiment, g, was the highest for Cu** and Pb*,
followed by Zn®>* and Ni** (Figure 3b). Most studies
comparing at least two of these metal ions found that Pb**
had the highest adsorption capacity and Ni** had the lowest
adsorption capacity.”'®'”'***** Similarly, Reddad et al.
demonstrated that the affinity order for sugar beet pulp
(0.25—0.50 mm) was Pb>* > Cu** > Zn* > Ni2*.% A few
reasons have been proposed for the higher affinities for Pb**
and Cu?'. For sugar beet pulp, higher adsorption capacities
were reported for Pb*" and Cu®* because they both adsorbed
via ion exchange and complexation, whereas Zn** and Ni**
mostly or exclusively adsorbed via ion exchange. Moreover,
Pb** and Cu®" ions have higher first hydrolysis log K; (OH™)
constants than Zn®" and Ni*', which lower the degree of
solvaétéorélg of Pb*" and Cu’" ions causing increased adsorp-

Proposed Adsorption Mechanism. Adsorption experiments
were conducted at pH 5.5. Since the pHp; value ranged from
4.7 to 5.5, the ECG surfaces had a negative or neutral charge,
which could attract positively charged metal ions or allow for
ion exchange with cations on the ECG surface (Table 2). The
ATR-FTIR spectra and Boehm titrations of the ECGs
indicated that several functional groups were present that
could adsorb metal ions. The ATR-FTIR spectra for each ECG
size fraction confirmed the presence of hydroxyl and carboxyl
groups (Figure 2), which have been shown to be the key
functional groups involved with Cu** and Pb** adsorption onto
SCGs.”"** Previous studies have suggested that metal ions can
interact with the surfaces of biosorbents via ion exchange and
complexation with functional groups such as hydroxyl,
carbonyl, and carboxyl groups.”*" 99 Ton exchange is
regularly cited as the dominant mechanism for metal ion
adsorption of SCGs with the release of cations such as H" or
Ca®" into solution during adsorption.””* During our batch
adsorption experiments, H" ions were released into solution, as
evidenced by decreasing pH values over time. Small aliquots of
aqueous sodium hydroxide were added as needed to maintain a
pH of 5.5. While the release of H' into solution was not
quantified, the decreasing pH during experiments suggest that
H* was exchanged for metal ions onto the surfaces of the

ECGs. For these ECGs, the average quantity of acidic surface
groups was 0.6 mequiv g~ (Table 2). The largest calculated
equilibrium adsorption capacity was 0.184 mmol g~* for Cu**
(0.368 mequiv g™'), indicating that excess acidic surface
groups were available to adsorb the metal ions (Table 3).

ATR-FTIR spectra were collected for each of the ECGs after
metal ion adsorption (Figure 2a). While the spectra were
similar to the spectra of unreacted ECGs, the carbonyl stretch
at 1743 cm™ slightly shifted to 1740 or 1741 cm™, and this
feature broadened toward lower wavenumbers, suggesting
changes to the carbonyl stretch as these sites adsorbed metal
ions (Figure 2b). This shift was observed after adsorption for
Pb**, Cu®*, Zn*, and Ni*', suggesting that carboxyl groups
were involved in adsorption for all the four metal ions
investigated. There were at least 0.29 mequiv g~ of carboxyl
and lactone groups on each ECG size fraction. However, the
calculated adsorption capacities of Cu®* and Pb** were at least
0.33 and 0.30 mequiv g~ ', respectively. In some instances when
the quantity of carboxyl and lactone groups was lower than the
calculated absorption capacities, it is likely that the phenolic or
hydroxyl group was also involved in adsorption.

Overall, this data supports previous findings that ion
exchange is a likely mechanism for heavy metal ion adsorption
onto ECGs."** Furthermore, there was no clear trend in terms
of quantity of acidic surface groups on ECGs as a function of
particle size (Table 2). This observation, in conjunction with
the observed similarities in calculated adsorption capacities
across particles sizes for a given ion, suggests that changes in
particle size do not noticeably alter the adsorption mechanism
for each metal ion (Figure 4b).

Effect of Particle Size on Adsorption Using Other
Biosorbents. The effect of particle size on adsorption rates
and capacities of metal ions has been explored for other
biosorbents (Table S3). Similar to ECGs, smaller particle sizes
of other biosorbents such as citrus peels, papaya seeds, and
cassava peal waste adsorbed metal ions faster than larger
particle sizes of the same biosorbent.””™*"** Smaller particles
adsorb metal ions faster because of greater access to active sites
on external surfaces and within pores. The adsorption
capacities for smaller particles were generally greater than or
equal to the adsorption capacities for larger particles. The
adsorption capacities were typically higher for smaller particles
when the contact time was 180 min or less. For example,
smaller particle sizes of date seed powder®® or cassava peel
waste”” were able to adsorb more Ni** after 30 or 180 min,
respectively. Cd*" removal was higher after 60 min for Scolymus
hispanicus.”® Similarly, the adsorption capacities for Cd** and
Pb** were slightly higher for smaller papaya seeds after 120
min.*’ Moreover, smaller rice husk particles had higher
adsorption capacities of Pb** in Cd*" in column adsorption
experiments.”” Conversely, banana peel-based biosorbents of a
range of particle sizes had similar adsorption capacities for
Cu® after 1440 min.® The review of other biosorbents
reinforces our observations of ECGs, suggesting that smaller
particles adsorb metal ions faster. However, similar adsorption
capacities can be achieved across a range of particle sizes if
sufficient contact time is achieved.

Comparison of Adsorption Capacities to Other Adsorb-
ents. The adsorption capacities of the ECGs were better than
those of some biosorbents and activated carbons; however,
many other biosorbents and commercial adsorbents have
higher adsorption capacities (Table 4). The adsorption
capacities of biosorbents derived from SCGs are influenced
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Table 4. Comparison of Adsorption Capacities of Different
Adsorbents

g.(mmol g™)
adsorbent pH  Pb* Cu* Zn** Ni**  reference

banana peel S 0.03 0.087 9
water hyacinth S 0.04 0.089 9
granular activated S 0.08 0.08 4

carbon
powdered S 0.13 0.07 4

activated carbon
AC cloths S 0.147 0.174 0.152 73
ECG S.5 0.168 0.184 0.119 0.102  this

study

zeolite S 0.54 0.27 4
modified corncob 4.8 0.57 0.67 0.44 0.62 S
Duolite GT-73 4.8 0.59 0.97 0.85 0.97 S
7-ALO, 4 060 090 142 74
algae S 0.65 0.65 75
Dowex SOW S 1.23 1.18 4

strongly acidic

cation-exchange

resin
Amberlite 4.8 1.4 2.0 2.4 22 S

IRC-718
Amberlite 200 4.8 1.7 1.4 1.3 1.5 S

by how the material is prepared. Several SCG preparations
have been reported including using SCGs as is,"'>'"**%
rinsing with water, %8 modifying with an acid or a base,34’36’70
or pyrolyzing to form activated carbon.’”*»”"”? In this study,
ECGs were prepared by washing SCGs under alkaline
conditions to remove soluble organic compounds that might
have influenced any observed trends associated with
adsorption rates or capacities due to changes in particle size.
The adsorption capacities for each ion observed in this study
were similar to values reported in the literature for coffee
grounds used as is, washed with deionized water, or washed
under alkaline conditions (Table 1). However, the adsorption
capacities can be increased when used coffee grounds are
chemically modified with acids or with pyrolysis (Table 1).
There are trade-offs in terms of environmental and financial
costs when using adsorbents derived from coffee waste. SCGs
with minimal alterations have lower adsorption capacities but
would be less expensive and have smaller ecological footprints.
Activated carbon from SCGs has higher adsorption capacities;
however, the energy consumed for carbonization would
produce additional greenhouse gases.'* For any preparation
of SCGs, the porous structure of the material remains even if
the surface chemistry, surface area, and pore sizes change. This
work highlights the role of intraparticle diffusion for adsorption
of metal ions into larger ECGs. The influence of intraparticle
diffusion on adsorption rates and capacities should be
considered for other preparations for SCG adsorbents and
their subsequent use.

B CONCLUSIONS

SCGs are readily available, low-cost adsorbents that come in a
range of particle sizes. We have demonstrated when ECGs are
prepared by washing SCGs under alkaline conditions and
sieving into a range of particle sizes such hat smaller ECGs
(106—300 pm) adsorb Pb**, Cu**, Zn?*, and Ni** 8—12 times
faster than larger ECGs (710—1000 pm). Slower initial
adsorption rates for larger particles were linked to the time
required for metal ions to diffuse into the porous structure of

the ECGs. However, the equilibrium adsorption capacities and
surface acidic group concentrations were similar across the
particle size range, suggesting that grinding ECGs into smaller
sizes does not substantially change the quantity of adsorption
sites or the adsorption mechanism for these metal ions.

These observations are limited to batch experiments
conducted with 0.3 mM solutions at pH 5.5, so more studies
should consider if these trends are observed when other
experimental parameters such as the type of the contaminant,
SCG preparation, concentration, adsorbent dose, and pH are
varied. The rate of uptake for metal ions on ECGs based on
particle size may be an important variable to consider when
scaling up this technology. For example, the faster adsorption
rates of contaminants onto smaller ECGs may be desirable for
packed bed systems because fluid may not have enough time to
equilibrate with larger adsorbents as the solution flows through
the column.”®”” The few studies on metal ion adsorption onto
SCGs and ECGs using fixed-bed column experiments did not
investigate the effect of particle size in their studies.'®”®
Moreover, other studies have shown that ECGs can be
regenerated, so how particle size influences the desorption
rates of contaminants should also be explored.”>~"”

B MATERIALS AND METHODS

Reagents. The reagents used were nitric acid (69.0—70.0%,
Baker Instra-Analyzed Reagent, J. T. Baker), sodium hydroxide
(ACS Grade, Research Products International), sodium nitrate
(ACS reagent, Aldrich Chemical Company), sodium carbonate
(98%, Alfa Aesar), lead(II) nitrate (99+%, ACS reagent,
Aldrich), copper(Il) nitrate hemi(pentahydrate) (98%, ACS
reagent, Sigma-Aldrich), zinc(II) nitrate hexahydrate (reagent
grade, 98%, Sigma-Aldrich), and nickel(II) nitrate hexahydrate
(>99.0%). All solutions were prepared with deionized water.

Coffee Preparation. Arabica coffee beans were acquired
from a farm near San Lucas Toliman, Guatemala, through the
North Central College Coffee Lab (Naperville, IL, USA). The
beans were roasted to a medium roast before being ground
with a conical burr coffee grinder using a very coarse or very
fine setting. Roughly, 50 g of coarse grounds was brewed 5
times with 12 cups (2.8 L) of hot water using a standard drip
coffee maker. Roughly, 65 g of fine grounds was brewed with
500 mL of boiling deionized water using a pour over funnel.
This was repeated 15—20 times until the filtrate was a light
golden color. Both size fractions were stirred with 0.01 M
NaOH at 60 °C to leach soluble organic compounds and to
allow greater access to more functional groups in hemicellulose
such as hydroxyl and carboxyl groups.'®*' After several
washings, the solutions were mostly clear. The ECGs were
rinsed with deionized water before suspension in 0.01 M
HNOj; until the pH was around pH 6. These washed ECGs
were dried in an oven at 100 °C overnight and then sieved
using ASTM sieves no. 18, 25, 35, 50, and 140 (1000, 710,
500, 300, and 106 pm, respectively). Four particle size ranges
were used for further analysis: 1000—-710, 710—500, 500—300,
and 300—106 ym. Samples were stored in vacuum-sealed bags
until further use.

Coffee Characterization. ECGs were characterized by
FTIR spectroscopy before and after adsorption using a
PerkinElmer Spectrum 100 with a universal attenuated total
reflectance (ATR) accessory. A total of 64 scans were collected
per sample with a resolution of 4 cm™'. The surface
morphology of each size fraction was determined by collecting
images using a JCM-7000 benchtop scanning electron
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microscope (JOEL USA Inc.) equipped with a tungsten
filament source, an energy-dispersive X-ray detector, and a
backscattered electron detector. All samples were mounted on
aluminum stubs with adhesive carbon tabs and analyzed under
low vacuum with a 15 kV acceleration voltage.

The pH of the point of zero charge (Pszc) was determined
by preparing 25 mL solutions of 0.1 M NaNOj; adjusted with
NaOH or HNO; to achieve a range of initial pH values.”® The
initial pH was recorded before ECGs were added to each
solution at a solid-to-solution ratio of S g L™". The solutions
were shaken at 100 rpm overnight, and the final pH values
were measured. The final pH was plotted as a function of initial
pH. The pHyp, values were determined where the final pH
values plateaued on each plot.

The Boehm titration method was utilized to quantify acidic
surface groups on the ECGs. Two grams of ECGs were added
to glass bottles containing 50 mL of 0.05 M NaOH or 0.05 M
Na,CO;. Nitrogen was bubbled over the solutions before the
bottles were sealed and shaken overnight at 100 rpm. The
solutions were filtered and 10 mL of the filtrate was back-
titrated with 0.05 M HCI to neutralize excess base. The
titrations were conducted in a nitrogen atmosphere eliminate
interference from CO,. Phenolic, lactone, and carboxyl groups
were quantified using these titrations because NaOH reacts
with all the three functional groups, whereas Na,CO; reacts
with lactone and carboxyl groups.””**’

Batch Adsorption Experiments. Batch adsorption experi-
ments were conducted in triplicate using a solid-to-solution
ratio of 1 g L™". All experiments were conducted with 0.3 mM
metal ion solutions (20 ppm Cu®', Zn**, or Ni** or 60 ppm
Pb**). This combination of initial concentration and solid-to-
solution ratio was selected so that the calculated adsorption
capacities should ideally be near the maximum adsorption
capacity for each ion with the ECGs (Table 1). Experiments
were conducted at room temperature (20—22 °C) with a
target pH of 5.5 + 0.2, which was controlled by adding
microliter aliquots of aqueous NaOH or HNO; as needed.
Chemical speciation calculations (Visual MINTEQ 3.1)
indicated that each experiment had at least 98% of the initial
ions present as the soluble divalent ion of interest, verifying
minimal precipitation under these conditions (Tables S4—S7).
The solutions were stirred at 400 rpm for up to 240 min.
Stirring speeds above 200 rpm have not been shown to alter
the adsorption rates.”' At regular intervals, small aliquots (<1
mL) were removed for elemental analysis. At the end of each
experiment, coffee grounds were separated from the solutions
via vacuum filtration, rinsed with minimal deionized water, and
dried overnight at 60 °C before storing in vacuum-sealed bags
until further analysis. While some preliminary adsorption
experiments were conducted for up to 24 h, pH would drift
overnight, resulting in unreliable results from longer experi-
ments.

The solution concentrations over time were determined with
flame atomic absorption spectroscopy. Elemental analysis for
batch adsorption experiments using Cu*, Ni**, and Zn>" was
conducted using a PerkinElmer AAnalyst 300 flame atomic
absorption spectrometer. Pb** concentrations were determined
using a Shimadzu AA-7000 flame atomic absorption
spectrometer. Adsorption curves were fit with the linear form
of the pseudo-first-order kinetic model and the linear form of
the pseudo-second-order kinetic model.””*” The equation for
the linear form of the pseudo-first-order model is

38609

In(g, —q) =Ing, — kit (1)

where g, is the adsorption capacity at equilibrium (mmol g™*),
g, is the adsorption capacity at time t (mmol g™'), k; is the
pseudo-first-order rate constant (min~'), and t is the time
(min). The linear form of the pseudo-second-order kinetic

model is
L 1

q, kg’

1
+ —t
1.

)

where k, is the pseudo-second-order rate law constant (g
mmol™' min~"). The initial adsorption rate, vy, in units of
mmol g_1 min~}, is calculated as

L= kzqez

3)

Values for g, and v, were experimentally derived from the
linear relationsh'}) of t/q, as a function of t. The intraparticle
diffusion model®* was used to determine the effect of diffusion
as the rate-controlling step of adsorption

_ 1 2
q=kt' " +C (4)
is the intraparticle diffusion rate constant (mol g
12 Cis a constant

where k,
min~") found by plotting g, as a function of ¢
(mmol g™").

Scanning Electron Microscopy. Some of the 710—1000
um samples with adsorbed Pb** were cut into cross sections
with a thin razor to image where Pb** was present in the coffee
grains over time (Figure 6). All samples were mounted on
aluminum stubs with adhesive carbon tabs and analyzed under
low vacuum with a 15 kV acceleration voltage using the JCM-
7000 benchtop scanning electron microscope (JOEL USA
Inc.) described above. ECGs with adsorbed Pb** were selected
to image because of the higher adsorption capacities and the
larger atomic mass of Pb**, both of which making it easier to
collect backscattered electron images. Backscattered electron
images were collected to determine compositional contrast for
cross-sectioned samples after adsorption and energy-dispersive
X-ray spectra were collected to determine the elemental
composition of the cross-sectioned coffee grounds. Using the
instrument’s software, measurements were made on each
image to estimate how far Pb** had readily diffused into the
ECG structure over time (Figure SS and Table S2).
Preliminary images were also collected for cross sections of
ECGs with adsorbed Cu?', Ni**, or Zn*'; however, back-
scattered electron images and X-ray maps did not show the
same contrast as Pb”**-containing samples because the
adsorbed concentrations were lower or the metal ions have
lower atomic masses. A limited set of data (not shown) was
collected with energy-dispersive X-ray spectroscopy of smaller
areas either near the edges or the centers of cross-sectioned
ECGs that indicated similar trends in adsorption compared to
data collected for Pb**.
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