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The potential of wastewater treatment on carbon
storage through ocean alkalinity enhancement

Li-wen Zheng1, Yubin Hu', Bei Su’, Qian-ying Chen’, Jihua Liu'?*

Ocean alkalinity enhancement (OAE) implemented through wastewater treatment plants increases the alkalinity
of the effluents and discharges them into the ocean, referred to as wastewater-based OAE. However, the alkaliza-
tion capability and its carbon storage stability when adding alkaline minerals to wastewater treatment are uncer-
tain. In this study, total alkalinity was enhanced to more than 10 millimoles per kilogram and phosphate removal
was improved when we added olivine to wastewater in a laboratory setting. The alkalization rate by olivine dis-
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solution in aerobically treated wastewater was 20 times higher than in seawater. We estimated the potential of
carbon sequestration through wastewater-based OAE to be 18.8 + 6.0 teragrams of CO, per year globally, with

notable potential in the 20°N to 60°N region.

INTRODUCTION

Ocean alkalinity enhancement (OAE) increases ocean alkalinity
and decreases the sea surface CO, partial pressure (Pco,) to pro-
mote the oceanic uptake of atmospheric carbon dioxide (CO;) and
is one of the most promising approaches for marine CO, removal
(I1). Wastewater-based OAE approaches use wastewater (sewage)
treatment plants (WWTPs) as alkalinity factories and increase the
alkalinity of outflows to achieve OAE by ocean currents and rivers
(2). The WWTP outflows generally have low pH, high Pco,, and
high organic acid concentrations, speculatively, which benefit the
dissolution of alkaline rocks and prevent the formation of secondary
precipitation (2). Theoretically, the alkaline wastewater discharges
could increase CO, absorption by the coastal ocean and might miti-
gate coastal acidification produced by wastewater discharges (3, 4).
A field trial has shown that adding magnesium hydroxide [Mg(OH),]
to a WWTP downstream could reduce Pco, by 27.2 patm and in-
crease pH by 0.017 U on the ocean discharge (4). However, the tri-
aled addition of alkaline materials targeted the WWTP outflows
(reclaimed water) rather than internal wastewater treatment pro-
cesses. In waste and wastewater treatment, alkaline rocks are normal
additions, being used to remove and recover phosphorus from
wastewater or to reduce carbon emissions (5-10). For instance, Liu
et al. (5) used dolomite lime in anaerobic digester effluent to recover
the phosphorus. Targeting a reduction of the carbon emissions of
wastewater treatment, Salek et al. (6) suggested adding alkaline sili-
cate minerals to waste/wastewater biological treatment processes to
capture CO, as precipitated calcium carbonate (CaCQ3). They then
studied the kinetics of CaCOj3 precipitation in anaerobic digestion
with added alkaline wollastonite (CaSiO3) (7). Linville et al. (8) in-
troduced olivine into the anaerobic digestion of sewage sludge to
enhance methane purity. In recent years, there has been notable
progress in the commercial application of alkaline minerals in the
anaerobic digestion of sewage sludge for biogas production (9, 10).
However, previous research predominantly focused on the anaero-
bic treatment of waste and wastewater, overlooking the fact that
most carbon emissions occur in aerobic treatment (11, 12). It was
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neglected to note that the treated wastewater potentially stores more
dissolved inorganic carbon (DIC) through alkalinity addition.

So far, it is unclear how adding alkaline rocks to aerobic waste-
water treatment will affect the outflow alkalinity. Meanwhile, wheth-
er the increased wastewater alkalinity will completely be delivered
into the ocean is doubtful, although OAE has strong stability in ma-
rine carbon sinks (13, 14). In estuarine areas with high alkalinity
inputs, the diluted waters typically exhibit alkalinity removals be-
cause of CaCOj precipitation, such as the Huanghe diluted waters
(15). Here, we have added olivine-rich rocks to artificial urban
wastewater and then treated them with activated sludge. We quan-
tify alkaline wastewater discharges and describe their influence on
the carbonate system in the diluted water. On the basis of that, we
combined them with current data on coastal WWTPs and the 2010s’
sea surface physicochemical conditions to estimate the carbon cap-
ture and storage potentials of the wastewater-based OAE on global
and national scales.

RESULTS AND DISCUSSION

Olivine addition increases total alkalinity in wastewater, and
aerobic treatment further enhances the weathering rate

of olivine

To examine the effects of wastewater treatment on the weathering of
alkaline rocks, we added olivine-rich rocks (fig. S1A) to artificial
urban wastewater. Then, we treated the wastewater with biologically
activated sludge (figs. SIB and S2A) under aerobic conditions. As
shown in Fig. 1A, the wastewater treated with both olivine-rich rock
and aerobically activated sludge additions exhibited a significant in-
crease in total alkalinity (TA), which far outweighed the levels ob-
served in wastewater treated with olivine or sludge only. Dissolved
silicate (DSi) concentration also indicated a faster olivine dissolu-
tion of the biotreated wastewater than that of only olivine (Fig. 1B).
High Pco, and organic acid concentration, theoretically produced
from the aerobic organic matter degradation, could promote the ol-
ivine dissolution (I16). In the alkaline wastewater, DIC exhibited a
stoichiometric relationship of TA:DIC = 1.098 + 0.024 with TA (Fig.
1C), indicating that bicarbonate (HCO3") is the primary compo-
nent responsible for the wastewater alkalinity increase. The olivine
dissolution rate in the biotreated wastewater was ~20.5 times faster
than in seawater, indicated by the Vip,y:k; ratio of Michaelis-Menten
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Fig. 1. Interaction between olivine alkalinization and aerobic wastewater treatment. Time-series patterns of (A) TA and (B) DSi under different wastewater condi-
tions, (C) plots of TA versus DIC in bio-treated wastewaters, (D) weathering rate of the olivine-rich rocks in the aerobic wastewater compared to those in seawater, and
effects of the olivine-rich rock addition on the removal of (E) COD and (F) DIP.In (A), (B), and (E), the olivine-added amounts were 1 wt % of wastewater. In (C) and (F), the
colors of the plots represent the olivine-added amounts of the biotreated wastewater. In (D), TAe and TAg represent TA in aerobically treated wastewater (or seawater) with
and without 0.1 wt % of olivine, respectively, and (TA. — TAo) is the difference between the alkalinities. t is the sampling time with the unit of days.

equation to describe the TA changes (Fig. 1D), suggesting that
wastewater-based OAE has a notable advantage in the weathering
rate of alkaline rocks over ship spreading or beach erosion of the
rocks. Comparing the WWTP outflows, aerobic digestion may be a
better option for increasing wastewater alkalinity. As shown in Fig.
1A, the enhanced TA in the wastewater with both olivine and sludge
additions reached approximately nine times that with only olivine
addition after the dissolution of 7 days.

Chemical oxygen demand (COD; as a common indicator of or-
ganic pollutant levels) was greatly reduced when the aerobically acti-
vated sludge was added (as much as 98% on day 7) with or without
olivine addition (Fig. 1E). Meanwhile, dissolved inorganic phospho-
rus (DIP; i.e., phosphate) concentration in the wastewater showed a
decreasing trend with the olivine addition, especially in the biotreated
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wastewater. As shown in Fig. 1F, there was an exponential decay in
the DIP level of the treated wastewater with the wastewater alkalinity
increase. Another laboratory experiment of adding Mg(OH), to the
WWTP outflows also exhibited an increase in phosphate removal (4).
Presumably, the presence of particles and relatively high pH could
explain the phosphate removal in alkaline wastewater (5, 17).
Overall, adding olivine to the wastewater notably increases al-
kalinity and almost captures the equivalent of CO; as DIC in the
effluent. When adding the olivine-rich rocks, aerobically treated
wastewater shows significantly higher alkalinity enhancement than
seawater and nontreated wastewater. Although the hydraulic re-
tention time for aerobic wastewater treatment is generally less
than 1 day, increasing the olivine addition can efficiently enhance
the alkalinity of the effluents (Fig. 2A). The sludge recycling
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Fig. 2. Limits of aerobic wastewater alkalinization and stability of effluent carbon sinks. (A) Impacts of olivine addition on the wastewater alkalinity under different
cultivation times, (B) plots of TA versus pH in nontreated and biotreated wastewaters, (C) distribution of Qa.g with the 1y in diluted seawater, and change of Q5 in diluted
seawater with (D) water temperature and (E) wastewater alkalinity. In (C) to (E), seawater was set to TA of 2300 pmol kg™, DIC of 2050 pmol kg™, and salinity of 35, while

Qarag values were calculated by the program CO2SYS.xIs version 24 (27). In (D) and (E),

process for wastewater treatment can support the utilization of
excessive olivine.

Stability of the CO, storage via wastewater-based
OAE approaches
Wastewater alkalinity increased as more olivine-rich rocks were added
and the alkalinization time was extended (Fig. 2A). When the
amount of olivine addition was 2 wt % of the wastewater, via the
aerobic wastewater treatment of 7 days, the TA level of outflows
reached more than 10 mmol kg_1 (i.e., 11,718 £ 1052.4 pmol kg_l).
This is a one-order increase in magnitude from natural fresh/saline
waters [TA of ~2300 pmol kg_1 in the surface ocean (18) and that
from 500 to more than 3000 pmol kg_1 in rivers (19, 20)]. As CO, is
retained in the alkaline wastewater instead of being released to the
atmosphere, as evidenced by a 1:1 increase in TA and DIC (Fig. 1C),
pH stays relatively low (less than 8.5) until alkalinity is extremely
high such as more than 10 mmol kg™" (Fig. 2B). In contrast, another
laboratory test showed that adding alkaline materials in the WWTP
outflows caused the pH level to reach 9.2, while the wastewater alka-
linity was 8.4 mmol TA kg™" (4). The World Health Organization has
suggested that the optimum pH for a water supply is 6.5 to 8.5 (21),
and sea surface pH ranged from 7.7 to 8.7 in the 2010s (22). Under
the pH standard of 8.5, wastewater alkalinization during the aerobic
treatment phase can reach an extremely high TA increment (Fig. 2B).
However, the stability of wastewater alkalinity addition must be
considered when discharged into the ocean. CaCOj precipitation
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the diluted seawater was composed of 90 wt % wastewater.

can reduce alkalinity in water and break down the storage of dis-
solved carbon pools (23, 24). Aragonite saturation state (Qurag) is an
effective indicator of whether CaCOj precipitation occurs (25, 26).
Assuming a TA of 2300 pmol kg™" and a DIC of 2050 pmol kg™ in
seawater with a salinity of 35 and a temperature of 20°C, we calcu-
lated the Q. distribution in the alkaline wastewater discharges
through the program CO2SYS.xls version 24 (27) when the alkaline
wastewater with a water temperature of 20°C had the TA in the
wastewater effluent (TAy,,) of 11,718 pmol kg_1 and the TA:DIC
ratio in the wastewater effluent (Ryy) of 1.098 (Fig. 1C), and the TA
and DIC of two end-members were conserved. As shown in Fig. 2C,
a peak of Q.. = 28.3 was observed on the ratio of the wastewater
among the diluted seawater (1) of 90%, because the diluted waters
receive the high alkalinity and Ca®* from the alkaline wastewater
and seawater, respectively. When the water temperature or the
wastewater alkalinity is higher, the peak €., value for n = 90%
tends to increase (Fig. 2, D and E).

In general, surface ocean waters are supersaturated for CaCOs,
but abiotic precipitation is rare and inhibited by magnesium ions
(Mg2+) (25, 26). In the modern ocean, the Mg:Ca ratios of the sur-
face seawater range from 4.00 to 6.40 (mol/mol) with a mean value
of 5.10 + 0.26 (28). The aragonite precipitation rate is relatively sta-
ble, whereas the calcite precipitation rate negatively correlates with
the dissolved Mg:Ca ratio (25). Consequently, abiotic CaCO3 pre-
cipitation occurs normally when Qg > 12.5, if the Mg:Ca ratio is
more than 2 (25, 26). An experimental study also showed that the
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added alkalinity in seawater being in equilibrium with atmospheric
CO; concentration was stable, while Q,,; was below 12.5 (26). The
aragonite precipitation occurred with the Qg just above 7 when
using quick lime (CaO) and hydrated lime [Ca(OH),] for OAE (23).
Also, algal blooms can induce CaCOj3 precipitation for an Qurag of
~8.8 (29). As Mg-rich minerals, the olivine dissolution will enhance
the Mg:Ca ratio of diluted waters, and thus, the carbonate precipita-
tion threshold was set to an Qg of 12.5 in this study. On the crite-
rion, the bulk of the wastewater alkalinity will be lost (Fig. 2C)
because of the CaCOj3 precipitation in wastewater plume, although
the olivine addition in aerobic wastewater treatment can enhance
the wastewater alkalinity to reach more than 10 mmol kg™" (Fig.
2A). Therefore, in practical engineering applications, the wastewater
alkalinity addition should be customized according to the specific
hydrochemical conditions at each local WWTP discharge site.

Global potential of wastewater-based OAE for

carbon sequestration

According to Macedo et al. (30), globally, 9480 WWTPs are situated
within 10 km of the ocean and discharge waste into the sea. On the
basis of seawater salinity, water temperature, TA, and DIC near the
facilities (18), we have calculated the wastewater alkalinity of each

facility using the Ry, of 1.098 + 0.024 (Fig. 1C) in wastewater and
the Q,rag of 12.5 in diluted seawater for n of 90%. On the calculation,
an approximation of [CO3*7] (~ TA — DIC) was used, because the
alkaline wastewater in our experiment has shown higher pH values
than 0.5 X (pK; + pK;) (Fig. 2B versus fig. S3). When pH is higher
than 0.5 X (pK; + pK3) for the dissolution of carbonic acid, the dif-
ference between TA and DIC can represent the [COs*] variability
(31). The approximation would bring errors of ~0.2% (fig. S4). Sub-
sequently, deducting the natural freshwater alkalinity from the
wastewater alkalinity and multiplying by the wastewater amount per
WWTP led to the carbon sequestration potential of coastal WWTPs
per year, as shown in Fig. 3A. The estimation errors were derived
from the uncertainty of Ry, (Fig. 1C) and the standard deviation of
averaged alkalinity in rivers (natural freshwater) at various latitudes
(fig. S5). The distribution of riverine alkalinity with latitudes is con-
trolled by the erosion rate and areal carbonate proportion of rocks,
as well as temperature (20, 32).

By our estimation, the carbon sequestration potential of global
coastal WWTPs via the wastewater-based OAE approaches was
18.8 + 6.0 Tg CO, year ™, in which the top three countries (or econ-
omies) were the European Union (4.15 + 1.43 Tg CO; year_l), the
United States (3.98 + 1.35 Tg CO, year'l), and China (2.36 + 0.75 Tg
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tion potential of current WWTPs via OAE and its global distribution, (B) latitudinal distributions of artificial alkalinity addition in wastewater, (C) carbon sequestration
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CO, year™), accounting for 55.8% of the global potential (Fig. 3, A
and D). The artificially added alkalinity of wastewater effluents, cal-
culated by subtracting the riverine alkalinity from the outflow alkalinity
at the corresponding latitude, reached the lowest level of 6445 pumol kg™
in the low latitude region and the highest level of 10,218 pmol kg™
in the high latitude region (Fig. 3B). This can be explained by the
relatively low water temperature in high latitude regions, which de-
creases the £, in the wastewater-discharge plume (Fig. 2D). However,
the coastal WWTPs are centrally located in the region of 20°N to
60°N, where the carbon sequestration potential of wastewater-based
OAE contributed to 79.3% of the global potential (Fig. 3C). The
global potential of wastewater-based OAE for carbon sequestration is
comparable to the organic carbon burial rates by the global mangrove
systems [16 to 37 Tg C year_1 (33)].

For a sensitivity analysis of the global estimation, five other sce-
narios of discharging alkaline wastewater are presented in Table 1. The
five scenarios describe different technical conditions of wastewater-
based OAE. In scenario 1, discharging alkaline wastewater in winter,
relatively low water temperature decreases the plume Qg (Fig. 20),
but the global potential of carbon sequestration has increased by mere-
ly 2.0% (Table 1). The wastewater treatment capacity in coast regions
and CaCOj precipitation in the wastewater-discharge plume are the
primary factors controlling the wastewater-based OAE potential. A
laboratory experiment indicated that the CaCOj; precipitation oc-
curred in seawater with algal growth for an €,.g of ~8.8 (29). When
an Qg of ~8.8 is set as the CaCOj criterion, the global carbon

sequestration declines by 36.0% (scenario 2 in Table 1). To estimate the
effects of the TAy value on the calculation, setting the TA,, to
6000 pmol kg™" can reduce the carbon sequestration of wastewater-
based OAE by nearly half, i.e., a global potential of 11.0 Tg CO, year™"
(scenario 3 in Table 1). Assuming that the wastewater alkalinity of all
WWTPs reaches 11,718 pmol kg™ (2 wt % of olivine addition, de-
rived from the abovementioned experimental results; Fig. 1C) and
CaCO; precipitation occurs when €145 = 12.5 (scenario 4 in Table
1), a part of the wastewater-based OAE carbon sequestration will be
in the form of CaCOs and the global potential is 22.1 Tg CO, year™ .
Meanwhile, a field survey showed that the fast diffusion of wastewater
alkalinity addition might avoid CaCOj3 precipitation in the ocean dis-
charge (4). That situation, described by scenario 5 (Table 1), has a
global potential of 24.5 Tg CO, year™'. The United States ranks
first in terms of wastewater-based OAE potential. Still, the current
wastewater treatment capacity limits the upper bound of wastewater
OAE potential.

Globally, 71.9% of WWTPs are located far away from the ocean
(>10 km) (30), yet presently, 47.2% of the produced wastewater is
not treated but released directly into the environment (34). Now, the
European Union, the United States, and China can treat 35, 46, and
34 km® of wastewater per year (30), respectively, making them
the top three countries/economies with the largest capacity for
wastewater-based OAE (Fig. 3D). To achieve Sustainable Develop-
ment Goal Six of the United Nations, ie., clean water, the three
countries/economies are required to increase wastewater treatment

Table 1. Carbon sequestration amount and artificially added alkalinity of WWTPs under various scenarios through the wastewater-based OAE. EU, the

European Union; USA, the United States.

Scenario number Preconditions of the wastewater

Carbon sequestration amounts (unit: Tg CO, year“)

Wastewater alkalinity

discharges in the scenarios

Global

addition§ (unit: pmol kg~")

EU USA China

Scenario 0 Qarag = 12.5, while 1 = 90%; Ry, = 1.098; 18.75
the alkaline wastewater discharges all

year around

Qarag = 12 5 whlle n= 90%, ww = 1.098;
the alkaline wastewater is stored and then
discharged in winter (relatively cold waters,

i.e., January to March in the North Hemi-
sphere and July to September in the South

Scenario 1*

Scenario

.8, while 1 = 90%; Ryw = 1.
the alkaline wastewaters discharge all year
around

Qarag =12. 5 ‘while n= 90%, TAWW =6000 pmol
kg~'; the alkaline wastewater discharges all
year around

Scenario3t

Scenario 4+ The wastewater aIkaImrty is 1 1 71 8 pmol
kg™"; Ruw = 1.098; while Q,ag > 12.5, the
CaCOs precrpltatlon occurs until the exhaus-

tion of Ca |n the drluted wastewater

The wastewateralkallnlty is 11 718 pmol o
kg~"; not considering the precipitation
of CaCO:s.

Scenario 5

19.14

22.10

4.15 3.98 2.36 7959 (6445 to 10,218)

420 8121 (10,631t06603)

267 5098 (388

141 4770(4430t05526)

4.51 4.69 290 10,401 (10,148 to 11,244)

500 S 323 10401(10,1481011,244)

*The seasonal dataset of ocean surface temperature and sallnlty was from World Ocean Atlas 2018 (https://odv.awi.de/data/ocean/world- -ocean- -atlas-2018/),

but the TA and DIC in seawaters were the same as those i |n scenario 0.
insufficient to induce the precipitation of CaCOs.
TA in waters and the forming CaCOs.
different latitudes.
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*According to scenario 0, the wastewater alkalinity of 6000 pmol kg™
*Under scenario 4, the carbon sequestration of wastewater-based OAE is the sum of the remaining
Volume-averaged value (data range), which is the wastewater alkalinity minus the natural alkalinity in rivers at

is theoretically
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by 40 km® year™" in China, 16 km® year™" in the United States, and
~5 km® year™" in the European Union by 2030, with the three coun-
tries/economies accounting for ~39% of the globally required ex-
pansions (35). Therefore, the three countries/economies should
be major contributors on both wastewater treatment and the
mitigation of climate change via wastewater-based OAE imple-
mentation in the future. By the end of this century, as advanced
technologies develop and wastewater treatment increases, the
wastewater-based OAE approaches will further expand their capac-
ity for carbon sequestration.

MATERIALS AND METHODS

Laboratory experiments of olivine-rich rock addition into
aerobic wastewater treatment and coastal seawater

In the laboratory experiment of wastewater alkalinization, 5 g of the
activated sludge was added to 50 kg of the artificial urban wastewater,
stirred, mixed, and packed into the treated groups, each with 500 ml
of the wastewater, to guarantee the homogeneity of the sludge in the
treated groups. The components of artificial urban wastewater were
reported by Guadie et al. (36). The olivine-rich rocks were derived
from the Xixia County, Nanyang City, Henan Province, China, which
includes MgO of 35 to 50%, SiO; of 37 to 42%, Fe of <10%, and CaO
of <1% in mass ratios of rocks (wt %), and the activated sludge was
taken from the WWTP at Shandong University in Qingdao City,
China. The plant treats domestic wastewater for ~20,000 people on
campus. The size spectra of olivine-rich rock [Dv(50) = 35.3 pm] and
sludge [Dv(50) = 109 pm] were determined by a Mastersizer 3000
(Malvern, UK) and are shown in fig. S1. Meanwhile, the bacterial
community composition of activated sludge is shown in fig. S2. For
microbial community composition analysis, 50 ml of activated sludge
was collected and stored at —80°C. DNA extraction was performed
using the Fast DNA Spin Kit for Soil. Amplicon sequencing of the
bacterial community was conducted on the Illumina HiSeq 2500
platform, focusing on the V4-V5 regions of 16S ribosomal RNA
genes with primers 515F-Y and 926R (37). Sequences were denoised
using QIIME2 (38) and clustered into amplicon sequence variants
with DAD2 (39). Taxonomy was assigned by comparing representa-
tive sequences against the SILVA database (40). Relative microbiota
profiling matrices were created by rarefying samples to a consistent
sequencing depth of 5918. A total of 11 dominant phyla (>1% rela-
tive abundance) and two anaerobic groups were identified.

In the treated groups, the amounts of olivine-rich rock addition are
0,0.1,0.2, 0.5, 1, and 2 wt % of artificial wastewater. Meanwhile, one
with only artificial wastewater and another with both wastewater and
1 wt % of olivine-rich rocks served as control groups. A saturated HgCl,
solution was added in the control groups to be 0.1% (v/v) of artificial
wastewater for inhibiting biological effects. The treated groups were ar-
ranged in four parallel experiments, and the control groups were ar-
ranged in three parallel experiments. All experiments were conducted
at an ambient temperature of 25 + 1.0°C and a shaking speed of 100 r/
min to imitate the conditions of aerobic wastewater treatments.

Water samples were collected every 24 hours during the 7-day
aerobic treatment, excluding day 6. All water samples were centri-
fuged at 10,000 rpm for 10 min, and then the supernatants were
filtered through 0.45-pum clean cellulose acetate membranes again.
DIC and TA were measured by a nondispersive infrared analyzer
(AS-CS, Apollo SciTech, US) and a multisample autopotentiometric
titrator (T960E, Hanon, China), referred to as Certificated Reference

Zheng et al., Sci. Adv. 11, eads0313 (2025) 2 May 2025

Materials (Batch 178) from A. G. Dickson’s lab at an uncertainty
level of +2 pmol kg™". The pH of the samples was determined using
the pH meter A211 (Thermo Fisher Scientific, US), which is equipped
with a combined electrode 8157BNUMD (Orion, US). Concentra-
tions of DSi, DIP, and COD were measured by the silicon molybde-
num blue method for DSi, the standard phosphor-molybdenum blue
method for DIP (41), and the potassium permanganate method for
COD (42) with the automatic flow injection analyzers of SEAL AA3
(Germany) and Flowsys III (Italy).

Meanwhile, a laboratory experiment of olivine-rich rock addi-
tion into coastal seawater has been conducted in this work. The
coastal seawater was collected in April 2021 at a station (28°43'N,
126°08'E, Yellow Sea, China) using a Niskin water sampler (SeaBird,
US) onboard R/V Dongfanghong 3, which was aged under dark con-
ditions for at least 1 year. The aging seawater with a salinity of 34.5
was added by the same 0.1 wt % of olivine-rich rock as the treated
group and the seawater without rocks as the control group. The oliv-
ine dissolution was implemented in 20-liter transparent polycar-
bonate barrels (Nalgene, US), while all groups were arranged in four
parallel sets. The entire system was open and cultured under a shak-
ing speed of 100 rpm at an ambient temperature of 25 + 1.0°C. Water
samples were collected on 0, 1, 2, 3, 5, and 7 days and filtered with
0.45-pm clean cellulose acetate membranes for measuring TA. The
TA concentration was measured through the Gran titration method
with an automatic titration system (T960E, Hanon, China).

Numerical investigation of Q,.4 distribution in
wastewater-diluted plumes

The Q.1 is defined by the ratio of the CO%f and Ca®" concentrations
in waters over the solubility product (Kg, “89M) of aragonite, that is

_ [eot[ea] .
arag — ragoni
Ksapago te

In this study, the Q,,; was calculated by the program CO2SYS.
xls version 24 (27), with disassociation constants by Millero refit
(43), based on TA and DIC in the wastewater-diluted seawaters. For
the diluted seawater, TA, DIC, and salinity (S) were calculated by the
ratio of the wastewater among the diluted seawater (n; its unit is wt
%) as follows

TA=nXTA,,+(1-n)XTA, )
DIC =n x DIC,, + (1-1) X DIC_, 3)
S=(1_n)xssw (4)

In Egs. 2 and 3, the subscripts ww and sw represent the wastewa-
ter effluent and seawater, respectively. Sgy in Eq. 4 is the salinity of
adjacent seawater. In the calculations, the TAyy, DICy, and S, for
seawater were set to 2300 mmol kg™, 2050 mmol kg™' (18), and 35,
respectively. In the Q4 calculation by the CO2SYS program, the
wastewater temperature was set the same as seawater, while total
phosphate and silicate concentrations and pressure were set to 0.

Global estimation of wastewater-based OAE potential
Figure 3A exhibits the framework for assessing the carbon seques-
tration potential of current WWTPs through the wastewater-based
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OAE. In the global estimation, HydroWASTE has supplied a spatially
explicit global WWTP database, with a discharge of 0.14 km® day™"
from the 9480 WW'TPs located within 10 km of the ocean and with
outfalls in the sea (30). When pH is higher than 0.5 X (pK; + pK3) for
the dissolution of carbonic acid, the difference between TA and DIC,
i.e., TA — DIC, can represent the variability of carbonate concentra-
tion {{CO;*7]} and Qarag (31). In our experiments, the alkaline waste-
water has shown pH values higher than 8.2 (Fig. 3B). The calculation
of thermodynamic constants, K; and K;, for the dissociation of car-
bonic acid was shown in equations as follows (44):
If salinity >5

In(K, ) =2.83655— 2307.1266

4.0484 )
T

—1.5529413In(T)

§%54+0.08468345 S — 0.00654208 §*°
3351.6106

+ < —0.20760841 —

In(K,) =-9.226508 -
23.9722 )
T

—0.2005743 In(T)

§%54+0.1130822 5 —0.00846934 S
(5)

+ ( —0.106901773 —

If salinity <5

In(K; ) =290.9097 — 1455431

9714.36839

—45.0575 In(T)

+ [ —228.39774+
2310.48919

+34.485796 ln(T)] §05

+ [54.2087+ +8.19515 ln(T)]S

170.22169

+|—3.969101 + +0.603627 ln(T)] §15-0.00258768 S?

In(K,) =207.6548 — 1837 _

6551.35253

33.6485 In(T)
+25.928788 ln(T)] 05

+(39.75854+ 1566;3883

+6.171951 ln(T)]S

116.270079

2.892532+

-
(
+ [— 167.69908 +
[
|-

+0.45788501 ln(T)] $5-0.00613142 §?
(6)

in which T and S represent water temperature and salinity, respec-
tively. Figure S3 shows the pattern of 0.5 X (pK; + pK;) with water
temperature and salinity, which is less than 8.2.
Therefore
[CO,*"| ~ TA - DIC 7)
Meanwhile, the Ry, is the TA:DIC ratio in the wastewater efflu-
ent and calculated as follows
Ry, =TA,, + DIC ®)

According to Egs. 2, 3, 7, and 8, the TAy, can be calculated by
the diluted water [CO5%7] as follows

ww

TA,,, =

RWW
e (

2
> 1){[co3

] =(1-m)x(TA,,=DIC,)} (9)

As shown in Fig. 2C, the 4,4 peak occurred on the n of 90%, i.e., on
the diluted water salinity of 3.5. According to Eqgs. 1 and 9, the TA of the

wastewater effluent (TA.,,) of each WWTP when the Q. in plumes is
less than or equivalent to 12.5 was calculated approximately as follows
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aragonite

TA Rune {IZSXK = x (TA,, —DIC )}
ww - X sw sW

(1-2)x (R 1) [Ca*] Saw
(10)

In Eq. 10, Sy, DICyy, and TAy,, are salinity, DIC, and TA levels in
seawater near the WWTP outlets, respectively, and the values were
from the Ocean Carbon and Acidification Data System (OCADS)
(18). Ry is set as 1.098 + 0.024 (Fig. 1C). The diluted wastewater
salinity and its threshold level of ng for the CaCO3 precipitation
were 3.5 and 12.5, respectively. [Ca®*] is the Ca®* concentration of
diluted water, set to 1.18% of the total salt concentration (45) of the
wastewater-diluted seawater [i.e., 3.5 X 1.18% + 40 (mol kg_l)]. In
Eq. 10, K:;agomte was calculated according to Millero (43) as follows

Ik = —395.9180-+ @ ~71.595In(T)+ —0.17959 T
+ ( —0.1157481 — 202%93 8 +0.0039780 T)S“5 —0.23067 S+0.0136808 S'°

11)

where T and S are the temperature in K and the salinity of the di-
luted waters, respectively. T was set the same as the sea surface tem-
perature near the coastal WWTP, while S was 3.5.

Note that the presence of CO; (aq) in the wastewater-diluted
seawater introduces some error in the approximation {[CO32_] ~TA
- DIC}. Meanwhile, the assumption that the €,,¢ peak occurs for a
salinity of 3.5 also brings errors in the wastewater alkalinity calcula-
tion, especially when the seawater end-member has relatively low
salinity. Figure S4 shows the diversity of wastewater alkalinity cal-
culated by Eq. 10 and the CO2SYS program, which ranged from
—14.3 to 3.7% with a mean of 0.2%. For a quick calculation of glob-
al potential, Eq. 10 was used to calculate the wastewater alkalinity
in this study.

On the basis of the results calculated with Eq. 10, the carbon se-
questration per coastal WWTP was calculated as follows

Carbon sequestration rate per plant (t CO, year™ plant_l) =

(TAy— TArW) X Wastewater amount per plant (t year™ plant_l)

X44x107°

(12)
where TA,,, is the TA background of waste(fresh)water, with the
unit of pmol kg ; 44 is the molar mass of CO, with the unit of g
mol™'; and 107 is the factor for performing unit conversion. When
the sea surface alkalinity increases, the surface ocean absorbs and
fixes almost the equivalent CO, (46). As shown in fig. S5, TA in riv-
ers (freshwater) is changed with latitudes (20, 32), and thus

-

4744447 Lat. <0°

724+ 646 0° <Lat. <20°
1570+743 20° < Lat. <40°
1388+1360 40° <Lat. <60°
1118+464 Lat. >60°

L

TA,, (pmol kg_l) =1 (13)

The globally and regionally estimated carbon storage potentials
of wastewater-based OAE are the sums of each WWTP potential at
their corresponding scales.
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Sensitivity analysis of the global and regional-scale
estimations of the carbon sequestration potentials of
wastewater-based OAE

To examine the uncertainty of the globally estimated potential of
wastewater-based OAE, five scenarios of alkaline wastewater dis-
charge are shown in Table 1. Under scenario 1, the wastewater is
alkalinized and stored up to be discharged in the cold seasons (i.e.,
winter), with other conditions being unchanged. The winter ocean
surface temperature and salinity dataset was from World Ocean
Atlas 2018 (https://odv.awi.de/data/ocean/world-ocean-atlas-2018/),
but the TA and DIC in seawaters were the same as scenario 0. Under
scenario 2, an Q,r,g value of 8.8 was set as the criterion for CaCO;
precipitation in wastewater-diluted plumes (29). Namely, the waste-
water alkalinity of each WWTP was calculated approximately
as follows

A - R, SBXK$WMe_i£X(TA i)
" (1-2 )% (R 1) [Ca*] S T T

(14)
Under scenario 3, the alkalinity of wastewater discharges, name-
ly TA > was set at 6000 pmol kg™', with other environmental pa-
rameters kept consistent with those in scenario 0. The Ry, was set to
1.050 before the wastewater discharges. Namely, the Ry, value in
Eq. 10 was 1.050. Moreover, scenarios 4 and 5 showed the globally
estimated potential of wastewater-based OAE with CaCO; precipi-
tation in plumes or not when the wastewater alkalinity was set as
11,718 pmol kg™', with other environmental parameters set the
same as scenario 0. Namely, the potential estimations in scenarios 4
and 5 are as follows (Egs. 15 and 16, respectively):
If 11,718 pmol kg™ < TA,,,, calculated by the above Eq. 10

Carbon sequestration rate per plant (t CO, year ' plant_l) =
( 11,718 — TArw) X Wastewater amount per plant (t year " plant™ )
X44x107°

If 11,718 pmol kg™ > TA,,, calculated by the above Eq. 10

Carbon sequestration rate per plant (t CO, year™ plantfl) =
(1 1,718 —=TA,,, — [Ca“] ) X Wastewater amount per plant (t year™ plant_l)
X44%107°

(15)
Carbon sequestration rate per plant (t CO, year ' plant_l) =
(11,718 - TA,,,) X Wastewater amount per plant (t year™ plant™ )

x44x107°

(16)
where 11,718 is the TA through wastewater discharges with the unit of
pmol kg_l, and [Ca®*] is the Ca®" concentration in the diluted seawater
with a salinity of 3.5, namely 3.5 x 1.18% + 40 x 10° = 1032.5 pmol kg .
The [Ca®'] in Eq. 15 refers to the equivalent release of CO; during the
process of CaCOj precipitation.

Supplementary Materials
This PDF file includes:
Figs.S1to S5
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