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Heavy metal contamination of soil and water threatens food and drinking water safety while spent coffee grounds (SCG) are
discarded worldwide in huge quantities. This literature review aims to cover current research on how SCG can be highly effective
at removing heavy metals such as Pb%t, Cd%t, Cu?*, and Zn?t through ion exchange, chelation, and surface complexation
mechanisms, often outperforming other low-cost biosorbents. Simple washing and pyrolysis to process raw SCG makes them
optimal for water and soil remediation applications while also adding valuable plant nutrients. Optimal removal (90-98%) is
achieved with particles smaller than 0.5 mm at a pH of 4.5-5.5, at temperature between 2540 °C and with 1-2 hours contact
time. Magnetic modification greatly improves recovery of the processed SCG, and acid regeneration allows 5—10 reuse cycles
with little loss of performance. When mixed into soil at 2-5%, SCG sharply reduces plant uptake of heavy metals, and in water
treatment SCG works efficiently in simple columns. While SCG represents an abundant, sustainable, and practical solution for
heavy metal remediation in both soil and water, they are limited by variability in composition, potential phytotoxicity at high
concentrations, inconsistent performance across different contaminants and soil conditions, and a lack of long-term field studies

confirming environmental safety and effectiveness outside controlled laboratory settings.

Keywords: spent coffee grounds; heavy metal removal; biosorption; water remediation; soil amendment; low-cost ad-
sorbent; waste valorization; sustainable remediation; biochar; systematic review.

Introduction

Soil and water contamination by heavy metals, particularly
lead, cadmium, copper, and zinc, poses a direct threat to
food production and public health across both industrialized
and developing regions. Conventional remediation methods
(chemical precipitation, ion exchange resins, activated car-
bon) are effective but expensive, energy-intensive, and often
generate secondary waste streams that require their own dis-
posal 2. The search for cheaper, waste-derived alternatives
has therefore attracted sustained research interest over the past
two decades.

Spent coffee grounds (SCG) are one such alternative.
Global coffee consumption produces an estimated 10 to 15
million tonnes of SCG annually, most of which ends up in
landfill®. The material is rich in negatively charged functional
groups, primarily carboxyl and hydroxyl groups, that can bind
heavy metal cations through ion exchange and chelation. SCG
also contain residual nutrients including potassium, nitrogen,
phosphorus, calcium, and magnesium, which, when the mate-
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rial is applied to soil, may offer agronomic co-benefits, though
the bioavailability of these nutrients depends heavily on pro-
cessing conditions and soil chemistry*>.

This review examines the suitability of SCG for heavy metal
remediation in both water and soil. It differs from earlier nar-
rative reviews in three ways: it follows a PRISMA-guided
systematic search strategy with explicit inclusion and exclu-
sion criteria, it distinguishes between five material categories
(raw SCG, washed/defatted SCG, chemically treated SCG, py-
rolyzed SCG/biochar, and magnetically modified composites)
rather than treating all forms as interchangeable, and it maps
specific quantitative claims to the studies and experimental
conditions that produced them. The goal is not to declare
SCG a universal solution but to identify where the evidence
is strong, where it is weak, and what gaps remain.

Search Strategy and Literature Selection

I searched Scopus, Web of Science and Google Scholar be-
tween September 2024 and January 2025. I combined terms
for the material, such as “spent coffee grounds,” “SCG” and
“coffee biochar,” with terms for heavy metals, adsorption, wa-
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ter treatment and soil remediation. I did not set a date limit,
although most results were published between 2003 and 2025.

The database searches returned 312 records. I found an-
other 47 by checking the reference lists of key reviews and
looking at other sources, including the Frontiers in Envi-
ronmental Science review series (2022), the HRPUB com-
pendium on waste-derived adsorbents (2022), and a 2025
preprint on recycled coffee grounds. After removing 83 du-
plicates, 276 records remained.

I first screened their titles and abstracts. I excluded studies
that did not use spent coffee grounds or coffee-derived biochar
as the main adsorbent, did not examine heavy metals, were not
in English, or were conference abstracts without a full article.
This removed 198 records, leaving 78 articles for full-text re-
view.

For the full-text review, I included studies that reported nu-
merical results for metal removal, adsorption capacity or re-
duced metal bioavailability. I excluded articles focused mainly
on dyes or pharmaceuticals, studies with data repeated in an-
other publication, and articles that were inaccessible or re-
tracted. This removed another 48 articles, leaving 30 studies.

I grouped the 30 studies by topic, with some studies fit-
ting into more than one group: 18 examined how spent coffee
grounds adsorb metals and how well they perform, 12 com-
pared them with other biosorbents, and 6 looked at their use in
soil or field settings. Figure 1 shows the selection process in a
PRISMA flow diagram.

Material Categories and Preparation

A recurring problem in research on spent coffee grounds
(SCQ) is that studies often use the same name for materials
prepared in very different ways. Grounds taken straight from
a coffee machine are different from grounds that have been
washed, treated with chemicals, heated to make biochar, or
coated with iron oxide. These steps change the surface of the
material and its pores, which affects how it removes metals
from water (Anastopoulos et al., 2023; Lépez et al., 2021).
If the materials are grouped together, an “optimal” condition
found for one type of SCG might be wrongly applied to an-
other.

In this review, I separate SCG into five categories. Raw
SCG are dried after brewing but receive no other treatment.
Washed or defatted SCG are rinsed with hot water or treated
with solvents to remove some of the oils, caffeine and other
soluble compounds. Chemically treated SCG are washed with
acids such as HCI or HNOs, or treated with NaOH, to change
their surface properties. Pyrolyzed SCG, also called SCG
biochar, are heated to around 300-700 °C with limited oxy-
gen. This removes many organic compounds and can increase
porosity. Magnetically modified SCG are coated with iron
oxide particles, usually magnetite (Fe304), so they can be

removed with a magnet after treatment (Anastopoulos et al.,
2023).

Raw SCG can release caffeine, polyphenols and tannins into
water, and these compounds can also affect plant growth. This
is why many studies wash the grounds before using them. Py-
rolysis removes many of these compounds, but it uses energy
and, if poorly controlled, may produce polycyclic aromatic
hydrocarbons (PAHs). Biochar often removes more metal than
raw SCG, although making it takes more processing. When-
ever I discuss “optimal conditions,” I specify which type of
SCG the finding applies to.

Mechanisms of Heavy Metal Removal

SCG removes heavy metals from solution through several
overlapping mechanisms. The dominant ones, according
to the studies reviewed, are ion exchange, chelation (inner-
sphere complexation), and outer-sphere surface complexation.
The relative contribution of each depends on the material cat-
egory, the metal in question, and the solution chemistry.

Ion Exchange

Ion exchange happens when metal ions such as Pb’>*, Cd>*
and Cu”* replace other ions, including H, Ca>*, Mg?*, K?
and Na™, attached to groups on the surface of spent coffee
grounds (SCG). The metal ions bind to negatively charged
groups, mainly carboxyl (-COO™) groups, while the dis-
placed ions enter the water. Studies report ion exchange for
different forms of SCG, although chemically treated SCG and
biochar can have more accessible sites for metals to bind to
(Kim et al., 2014; Davila-Guzman et al., 2018).

Other biological materials can also bind metals through
groups on their surfaces. These include maize cob and husk,
sunflower stalk, cassava waste, wool, rice husk, waste tea,
and microbial and algal biomass (Igwe & Abia, 2006; Gang
& Weixing, 1998; Abia et al., 2003; Dakiky et al., 2002;
Ahluwalia & Goyal, 2005; Mustapha & Halimoon, 2015;
Ansari et al., 2011; Davis et al., 2003). Many can be used after
cleaning or chemical treatment. SCG may also need washing
because compounds left over from brewing, such as caffeine
and polyphenols, could enter the treated water or affect its use
in soil. Grinding the material can expose more surface for ad-
sorption.

It is difficult to tell how much metal removal comes from
ion exchange alone. In outer-sphere adsorption, a metal ion is
held near the surface by electrostatic attraction while retaining
its surrounding water molecules. In surface complexation, it
bonds directly to a surface group. Some studies describe re-
moval as “ion exchange” without enough evidence to separate
these processes. FTIR and XPS results can help investigate
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Figure. 1 PRISMA flow diagram showing the identification, screening, eligibility assessment, and inclusion of studies. Adapted from Page et

al. (2021).
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the bonds, but they do not always establish one mechanism on
their own.

Chelation and Surface Complexation

SCG can also bind metal ions directly through groups on its
surface. Chelation occurs when two or more donor atoms
bind the same metal ion in a ring-shaped arrangement. Sur-
face complexation also involves direct bonding, but does not
necessarily form a ring. These bonds can hold metals more
strongly than electrostatic attraction alone, although this does
not mean the metals cannot be released again. Adsorption of-
ten increases as pH rises towards 4—6 because more carboxyl
groups lose H' and become available to bind metal ions. Hy-
droxyl groups do not necessarily become deprotonated across
that range. A change in adsorption with pH therefore cannot,
by itself, show whether chelation or another mechanism oc-
curred. FTIR peak shifts and XPS data can provide supporting
evidence, but only some of the reviewed studies include this
characterisation (Anastopoulos et al., 2023; Kim et al., 2021).

Comparative Performance Across Biosorbent Materials

Table 1 compares the cost, removal efficiency, and applica-
tion context of SCG against other commonly studied low-cost
biosorbents. The data are drawn from the studies cited in the
table caption. These comparisons should be interpreted with
caution: different studies used different metal concentrations,
pH levels, particle sizes, and contact times, so direct equiva-
lence cannot be assumed. What the table does show is that
SCG fall in the upper range of performance among waste-
derived biosorbents and are among the cheapest to obtain.

Conditions Affecting Removal Performance

While ‘chemical’ considerations such as pH and mechanism
of complexation for bioremediation are undoubtedly impor-
tant, the ‘chemical engineering’ considerations such as tem-
perature, contact time, particle size, initial metal concentra-
tion, and adsorbent dosage are at least equally important, if
not more so, when determining whether a given SCG mate-
rial actually works in practice, and how effectively it does so.
This section reviews each factor with reference to the specific
material categories and studies involved.

pH

Almost all reviewed studies report an optimal range of pH 4
to 6 for Pb>*, Cu®*, Cd>*, and Zn2+">!. Below pH 3, ex-
cess HT ions compete for the same binding sites and removal
drops sharply. Above pH 7, metals begin forming hydroxide
precipitates on their own, making it impossible to distinguish

genuine adsorption from chemical precipitation. In the pH 4
to 6 range, carboxyl and hydroxyl groups are deprotonated
and negatively charged, giving the strongest electrostatic and
coordinative attraction to heavy metal cations.

An obvious question may be that if raising pH above 7 pre-
cipitates the metals anyway, why bother with SCG? Chemi-
cal precipitation requires adding bases such as NaOH or lime
which generates large volumes of hazardous sludge needing
expensive disposal and can make water or soil too alkaline for
plants or aquatic life. Chemical precipitation is also ineffec-
tive at the low metal concentrations common in real contam-
inated sites, and it risks redissolving precipitates if pH shifts
back down. SCG biosorption operates at a pH compatible with
life and without additional chemicals which drastically alter
the overall environment. SCG is also selective for multiple
metals simultaneously, and allows regeneration and reuse 1.

Temperature

Temperature has a positive but modest effect in the range of 25
to 40 °C 1617 ‘Warmer temperatures enhance ion diffusion into
SCG pores and generally slightly open the material’s structure,
exposing more binding sites. Above 50 °C, returns diminish.
Most practical applications operate at room temperature to 40
°C, which is convenient since it eliminates the need for heating
infrastructure and reduces the power consumption associated
with SCG remediation.

Contact Time and Particle Size

Contact time and particle size are closely linked. With finely
ground SCG (< 0.5 mm) at the right pH, equilibrium is typ-
ically reached within 30 to 120 minutes and more than 90%
of Pb>* or Cu?* can be removed™!8. Coarser particles (; 2
mm) can take 6 to 24 hours for the same result. Contact time
refers to how long the SCG remains in contact with the con-
taminated water or soil slurry. If the contact time is too short,
many binding sites remain unoccupied, while if the contact
time is too long, the overall process is inefficient, since equi-
librium was reached earlier on.

Particle size effects are well documented. Kim et al. (2014)
showed that particles below 0.5 mm reach adsorption equilib-
rium in 10 to 30 minutes versus 2 to 6 hours for particles above
2 mm. Liang et al. (2022) found that 0.25 mm SCG removed
98% of Pb>* in 30 minutes, compared to 62% for 2 mm parti-
cles; the pseudo-second-order rate constant increased 7.4-fold
when particle size dropped from 1.18 to 0.25 mm. Dave et al.
(2023) reported capacity increasing from 34.2 mg Pb%>*/g at 1
to 2 mm to 61.8 mg/g below 0.3 mm. Azouaou et al. (2023)
found the 0.1 to 0.5 mm fraction gave 38.7 mg Pb>*/g versus
21 mg/g for raw coarse SCG.

However, fine particles cause problems in column systems:
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Table 1 Comparative cost, removal efficiency, and application notes for biosorbent materials used in heavy metal remediation. Sources: SCG
data from multiple reviewed studies; maize cob/husk6; sunflower stalk 7; alfalfa®; cassava wasteg; wool and rice husk 19; waste tea!l; fungal

biomass 1213 bacterial biomass 14; algal biomass®.

Material Approx. Cost Efficiency (% Removal; Notes on Application
(USD/kg, 2025) Key Metals)

Spent Coffee Grounds 0.20-0.50 75-100% (Cr, Cu, Pb) Effective in soil amendment; reduces metal
bioavailability by 50-80%.

Maize Cob/Husk 0.10-0.25 80-99% (Ni, Cr, Pb) High capacity in wastewater; 95% Pb removal in
batch systems.

Sunflower Stalk 0.05-0.15 60-70% (Pb, Cd, Zn) Phytoremediation focus; limited in multi-metal
mixes but economical for soil.

Alfalfa (Medicago 0.15-0.20 70-95% (Ni, Cr, V) Strong in soil phytoremediation; up to 99% Cr in

sativa) treated fibers.

Cassava Waste 0.05-0.10 80-99% (Cu, Zn, Cr) Excellent in packed columns; 83% average
multi-metal removal.

Wool 8.00-10.00 90-99% (Zn, Cu, Pb) Superior in filters; 95% Zn in 3 hours, but higher cost
limits scalability.

Rice Husk 0.09-0.15 86-98% (Pb, Cr, Ni) Versatile for wastewater; 93% at 50 ppm with
modifications.

Waste Tea Leaves 0.20-0.50 78-97% (Pb, Ni, Cd) Rapid adsorption; 96% Pb in batch tests.

Fungal Biomass 2.00-5.00 80-94% (Cr, Pb, Broad-spectrum in soil/water; 94% Cr in 6 months.

multi-metals)

Bacterial Biomass 1.00-3.00 70-91% (Fe, Cd, Pb) Fast kinetics; 77% in 10 min with magnetotactic
strains.

Algal Biomass 1.00-1.50 85-95% (Cu, Zn, Cr) Eco-friendly for wastewater; up to 94% in symbiotic
systems.

higher pressure drop (the resistance to flow increases as voids
between particles shrink), difficulty in solid-liquid separation
after batch treatment, increased leaching of caffeine and tan-
nins from incompletely treated SCG, and dust handling be-
come issues at column-scale systems. Joo et al. (2016)
showed that 0.3 to 0.5 mm SCG delayed Pb>* breakthrough
in fixed-bed columns by 3.2 times compared to 1 to 2 mm par-
ticles, but at the cost of significantly higher pressure require-
ments.

Initial Metal Concentration and Dosage

Higher starting concentrations provide a bigger thermody-
namic driving force, so initial uptake rates are faster. How-
ever, the percentage removed drops because binding sites are
finite>. The adsorption capacity (mg metal per g SCG) rises
with concentration until saturation, then levels off. Most re-
viewed studies worked in the 50 to 200 mg/L range for water
treatment applications. At adsorbent dosages of 1 to 2 g/L,
removal efficiencies above 90% were commonly reported.
Mildly acidic pH (around 5.0) consistently emerges as op-
timum, deprotonating carboxyl and hydroxyl groups on SCG
to favour metal cation binding while avoiding hydroxide pre-
cipitation at higher pH. Room temperature (25 °C) is suf-
ficient in most studies, with Lobo et al. (2022) showing
best performance across a 25-40 °C window and diminish-

ing returns above this range. Contact times of 60—120 min
achieve equilibrium for fine particles (< 0.5 mm), with Liang
et al. (2022) and Jutakridsada et al. (2022) demonstrating
that smaller particle fractions reach equilibrium faster due to
greater accessible surface area. Metal concentrations tested
span 10-200 mg/L, covering realistic contamination ranges
for Pb, Cu, Cd, Zn, and Cr(VI). Processing and modification
strategies — pyrolysis to biochar®>15-19 " acid/alkali wash-
ing?%2!, magnetic Fe304 coating for post-treatment recov-
ery®, and MOF/NADES functionalisation?” — consistently
outperform untreated SCG and improve practical recoverabil-
ity and regeneration performance over multiple cycles. Most
studies use synthetic single-metal solutions; Kim et al. (2014)
and Park et al. (2020) extend to multi-metal contaminated soil
pot trials, and Joo et al. (2016) provides the only fixed-bed
column validation.

Modifications

Coating spent coffee grounds (SCG) with magnetite particles
allows them to be collected with a magnet after use. The
coating may also improve Pb>* and Cd** removal by adding
binding sites on the iron oxide surface. The reported increase
of 20-50% depends on the material and test conditions, so
it should not be treated as a general result (Anastopoulos et
al., 2023). Acid treatment, alkali treatment and pyrolysis also
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Table 2 Table of a selection of the cited studies with the relevant experimental conditions displayed for easier comparison.

Paper/Factor Raw or processed SCG  pH range Optimum pH  Optimum Contact time Particle size Metal Batch vs. flow setup / Synthetic
studied found temperature concentration vs. real water/soil
Opyekola et al. (2022)  Pyrolyzed (biochar) pH2-8 pH 4-6 25 C (room 30-120 min < 0.5 mm 50-200 mg/L Batch; Synthetic (single-metal) +
temp.) real contaminated soil (pot trial)
Azouaou et al. Washed / defatted pH2-8 pHS5.0 25C 90 min Not specified Cd: 10-100 Batch; Synthetic (single-metal)
(2019) mg/L
Davila-Guzman et Raw and washed pH 3-7 pH 4.5-5.5 25C 60-120 min Not specified Cu: 50-200 Batch; Synthetic (single-metal)
al. (2018) mg/L
Kim et al. (2014) Raw and pyrolyzed pH 4-6 (soil pH 5.0 (soil) 25C 30 days (soil <0.5mmyvs. >2 Pb, Cu, Zn in Batch + soil pot trial; Synthetic
native) equilibration); 10-30  mm tested contaminated soil  (batch) + real contaminated soil
min (batch) (multi-metal)
Kim et al. (2021) Pyrolyzed and raw pH 4-6 pH 5.0 25,35,45,55C 60-120 min < 0.5mm Cu: 50-200 Batch; Synthetic (single-metal)
tested mg/L
Lobo et al. (2022) Chemically treated pH 4-6 pH 5.0 20-60 C tested; 60-120 min Not specified Pb, Cd: 50-100 Batch; Synthetic (single-metal)
(acid-washed) best 25-40 C mg/L
Liang et al. (2022) ‘Washed pH 5.0 (fixed) pH 5.0 25C 30 min 0.25,0.5,1.18,2mm  Pb: 100 mg/L Batch; Synthetic (single-metal)
fractions tested
Dave et al. (2023) Chemically treated pH 5.0 (fixed) pH 5.0 25C 60-120 min <0.3,03-1,1-2 Pb: 100 mg/L Batch; Synthetic (single-metal)
mm tested
Azouaou et al. Raw (ground fractions) pH 5.0 (fixed) pH 5.0 25C 60-90 min 0.1-0.5 mm vs. Pb: 100 mg/L Batch; Synthetic (single-metal)
(2023) coarse raw
Jutakridsada et al. Pyrolyzed (biochar) pH 5.0 (fixed) pH 5.0 25C 5 min to 24 h; < 0.5 mm Cu, Pb: 50-200 Batch; Synthetic (single-metal)
(2022) equilibrium 90-120 mg/L
min
Park et al. (2020) Pyrolyzed (biochar) pH 4-6 (soil pH 5.0 (soil) 25C 30-120 min (batch); < 0.5 mm Pb, Cd, Cu in Batch + soil pot trial; Synthetic
native) (greenhouse) weeks (soil) contaminated soil  (batch) + real contaminated soil
(multi-metal)
Wu et al. (2016) Raw and acid-washed pH 5.0 (fixed) pH 5.0 25C 90 min < 0.5 mm Pb: 100 mg/L Batch (regeneration study, 5
cycles); Synthetic (single-metal)
Anastopoulos et al. Magnetically modified pH 4-6 pH 5.0 25C 60-120 min < 0.5 mm Pb, Cd: 50-200 Batch (regeneration study, 4-8
(2023) (Fe304-coated) mg/L cycles); Synthetic (single-metal)
Lopez et al. (2021) Chemically treated pH 3-7 pH4.5-5.5 25C 60-120 min Not specified Cr(VI): 50-100 Batch; Synthetic (single-metal)
(acid/alkali) mg/L
Joo et al. (2016) Raw (ground) pH 5.0 (fixed) pH 5.0 25C Continuous flow 0.3-0.5 mm vs. 1-2 Pb: 50 mg/L Fixed-bed column (flow);
mm Synthetic (single-metal)
Isa and Jamil (2022)  Raw (washed) pH 5.0 (fixed) pH 5.0 25C 90 min (shaken at Not specified Multiple metals, Batch; Synthetic
120 rpm) 100 mg/L
Liu et al. (2022) MOF-coated / pH 4-6 pH 5.0 25C 60-120 min < 0.5mm Pb, Cd: 50-200 Batch (regeneration, up to 10
NADES-modified mg/L cycles); Synthetic (single-metal)

change the properties of SCG. Results for one modified ma-
terial cannot be assumed to apply to raw or washed grounds
(Lopez et al., 2021).

Removal often improves as pH rises towards 4—6 because
more carboxyl groups become available to bind metal ions.
Smaller particles expose more surface and may need less con-
tact time. Increasing the SCG dosage can increase the percent-
age of metal removed, though it does not necessarily increase
the amount removed per gram. Temperature, treatment and
magnetic coating can also affect the result, but their effects
depend on the material being tested. The ranges in Table 3 are
useful starting points, rather than one set of optimal conditions
for every form of SCG. Most come from batch experiments us-
ing a single metal in a prepared solution. In real wastewater or
contaminated soil, other ions and organic matter can compete
for binding sites, while buffering can change the pH. Removal
may therefore be lower than the values reported in the table.

Post-Adsorption Management

Once SCG have adsorbed heavy metals, the material itself be-
comes contaminated. Treatment of these contaminated mate-
rials depends on whether the application is for water treatment
or soil amendment.

In water treatment, the metal-loaded SCG is separated from

solution by filtration or centrifugation. Isa and Jamil (2022)
describe a typical procedure: 0.1 g SCG in 100 mL solution,
shaken at 120 rpm for 90 minutes, then filtered through What-
man No. 42 filter paper. In soil treatment, the SCG typi-
cally remains in place as a permanent amendment. Kim et
al. (2014) applied SCG at 2, 5, and 10% w/w, mixed into
contaminated soil and equilibrated for 30 days at 25 degrees
C with 60% water holding capacity, without any separation
step. For water treatment applications, there are two paths:
disposal or regeneration. Disposal options include landfill (if
the loaded SCG passes leaching tests such as TCLP (toxic-
ity characteristic leaching procedure), incineration under con-
trolled emission conditions (noting that some heavy metals
can volatilize, as discussed by Yu et al., 2004), or immobiliza-
tion in cement?’. Landfilling adds to waste volume and incin-
eration requires expensive emission controls; therefore neither
of them would be ideal for SCG post-treatment. Regeneration
is the more sustainable and more studied option. Washing the
metal-loaded SCG with strong acid (0.1 to 1 M HCI1, HNO3, or
H,S04) or chelating agents such as EDTA reprotonates func-
tional groups and pushes heavy metals back into solution. Wu
et al. (2016) showed five cycles with only about 15% loss in
Pb%* removal using 0.5 M HCI. Kim et al. (2021) achieved six
cycles retaining 82% of initial Cu®* capacity. Azouaou et al.
(2010) and Jutakridsada et al. (2022) both reported 3 to 5 cy-
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Table 3 Summary of main conditions influencing heavy metal removal by SCG in batch experiments. Data drawn from Oyekola et al. (2022),
Azouaou et al. (2010), Davila-Guzman et al. (2018), Kim et al. (2021), Lobo et al. (2022), Jutakridsada et al. (2022), Park et al. (2020), Kim
et al. (2014), Liang et al. (2022), Anastopoulos et al. (2023) and Lépez et al. (2021), with additional data from HRPUB (2022), Frontiers
(2022) and Transforming Recycled Coffee Grounds (2025). The results come from separate experiments, so they cannot be compared while

assuming the other conditions were the same.

Factor Optimal Conditions Key Results (Efficiency/Capacity)

pH 4-6 70-98% removal; e.g., 78% for Cu at pH 6 (39.1 mg/g)
Temperature 25-40 °C 60-91% removal; e.g., 88-91% for Cu at 25 °C

Contact Time 30-120 min (fine particles) 80-98% removal; e.g., 91% for Cu at 90 min (45.5 mg/g)
Particle Size < 0.5 mm 62-98% removal; e.g., 97% for Cu with < 200 um
Initial Concentration 50-200 mg/L 41-91% removal; e.g., 37 mg/g for Cu at 90 mg/L
Adsorbent Dosage 1-2 g/L 60-98.8% removal; e.g., 98.8% for Cd at 1 g/L.
Modifications Pyrolysis, acid, magnetic 44-97% removal; e.g., 98.8% for Cd with alginate beads

cles with 70 to 85% of original capacity for raw or pyrolyzed
SCG. Magnetically modified SCG can go 4 to 8 cycles with
more than 80% capacity intact, because the iron oxide layer
protects the structure during acid washing 32,

Newer approaches include natural deep eutectic solvents
(NADES) and metal-organic framework (MOF) coatings,
which can boost original adsorption capacity by 30 to 100%
and allow up to 10 or more cycles while converting desorbed
metals into less toxic forms322. The concentrated metal solu-
tion from regeneration still requires its own treatment, usually
precipitation or electrowinning, but the SCG itself is recycled,
making the process more circular.

One environmental dimension that the literature largely ig-
nores is the energy cost of regeneration, the chemical inputs
required, the transport logistics of collecting SCG from dis-
persed sources, and the carbon footprint of pyrolysis. A full
life-cycle assessment of SCG-based remediation has not been
published as of this writing. This is a gap worth closing,
because the sustainability argument for SCG depends partly
on whether the processing overhead cancels out the waste-
valorization benefit.

Discussion

The studies reviewed suggest that spent coffee grounds (SCG)
can remove heavy metals from water, and that treated SCG
can sometimes perform as well as other low-cost biosorbents.
Ton exchange and surface binding help explain how this hap-
pens. Some studies report removal of 90-98%, but these fig-
ures come from particular materials and carefully controlled
conditions. They should not be taken as the performance of
SCG in general.

Most high removal rates come from batch experiments with
one metal dissolved in prepared water at an adjusted pH. Real
wastewater contains other ions, organic matter and particles

that can compete for binding sites or cover the SCG surface.
Soil is harder to assess because the aim is usually to reduce
how much metal plants take up, rather than remove the metal
from the soil altogether. The soil studies reviewed report re-
ductions in plant metal uptake, but mainly from controlled pot
trials. There is still little field evidence (Kim et al., 2014; Park
et al., 2020; Oyekola et al., 2022).

SCG may also have a lower adsorption capacity than acti-
vated carbon or synthetic resins, particularly in systems that
need to treat water continuously. Used coffee grounds are
cheap to obtain, but collecting, preparing and separating them
after use still costs money. A fair cost comparison would need
to include these steps, along with what happens to the grounds
once they contain heavy metals.

Safety is another issue. Washing or pyrolysis may re-
move compounds that affect plant growth, but neither step
makes SCG automatically safe. Pyrolysis conditions can af-
fect whether polycyclic aromatic hydrocarbons (PAHs) form.
Organic compounds released from SCG could also increase
metal movement through some soils. SCG contain nutrients
such as potassium, nitrogen and phosphorus, although how
available these are to plants depends on the treatment used.
Germination tests, plant growth measurements and tests of
metals in soil porewater would help assess the effects in each
setting. Few of the reviewed studies provide all of this evi-
dence (Park et al., 2011).

There are practical limits too. Fine SCG particles can clog
filtration columns and are difficult to separate from water after
batch treatment. Acid regeneration may reduce their perfor-
mance over repeated uses. The grounds themselves vary with
the coffee and brewing method, making it difficult to prepare
a consistent material. More work is needed on preparation
methods, repeated use, real wastewater, field trials and total
costs before larger-scale use can be assessed.

Small-scale use may be easier to test first, especially where
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coffee grounds are available locally. Studies of SCG biochar
mixed into soil offer a possible starting point, but a rate such
as 2-5% should not be recommended for a garden without
testing the soil, the biochar and the plants grown there (Park
et al., 2020; Oyekola et al., 2022). SCG-packed water filters
also need testing with real water, including whether the treated
water meets the standards for its intended use.

Conclusion

Spent coffee grounds, across the material categories reviewed
here, show consistent ability to remove Pb>t, Cd**, Cu?*,
and Zn2+ from water and soil under laboratory conditions.
They outperform many other waste-derived biosorbents in
both capacity and speed?®>32*  Acid regeneration allows
reuse over multiple cycles, and magnetic modification extends
both capacity and practical recoverability 31621,

Though, most of this evidence comes from small batch, sin-
gle metal solution experiments. The movement from laborato-
ries to real fields would be significant, and there is no data or
literature on how the current SCG technology would translate
in the real world. Standardized preparation protocols pegged
to feedstock characterization, pilot-scale trials in real contam-
inated sites, regulatory-grade leaching and ecotoxicity testing,
and lifecycle cost analyses that include collection, transport,
processing, and disposal of spent adsorbent are all needed.
Until that work is done, the strong claims about SCG as a
“practical solution” remain conditional.

We can see that the sheer volume of material is not a con-
cern, as over ten million tonnes of SCG are generated annu-
ally 25 and almost all of it is wasted. Even if the remediation
application captures only a fraction of that supply, the cost and
environmental logic of turning coffee waste into a functional
adsorbent is a promising strategy. It is definite that SCGs can
remediate heavy metals, but it is necessary to facilitate the
technical engineering and regulatory work needed to move the
technology from the laboratory to a deployed tool in the real
world.
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